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INFLUENCE OF ESTROGEN ON THE ELECTROLYTE 
PATTERN OF THE IMMATURE RAT UTERUS* 


By N. B. TALBOT, OLIVER H. LOWRY, ann E. B. ASTWOOD 


(From the Biological Laboratories, Harvard University, Cambridge, and the 
Departments of Biological Chemistry and Pediatrics, Harvard Medical 
School, Boston) 


(Received for publication, October 2, 1939) 


The present paper reports measurements on the electrolyte 
content of immature rat uteri before and after the administration 
of a single dose of estrogen. It has been shown previously that 
estrogen causes a prompt and striking increase in the weight and 
water content of rat uteri and that these changes are followed by 
a further gain in weight associated with an increase in mitotic 
activity and protoplasmic growth (1). It is to be expected that 
there should be shifts in the electrolytes to correspond with the 
ebb and flow of water. If this thesis is correct, these phenomena 
should offer an unusual opportunity to study the effect of estrogen 
on electrolytes and to investigate electrolyte metabolism during 
normal protoplasmic growth. Furthermore, the pattern of the 
electrolytes gives some information concerning the location of 
the water which is responsible for the increase in uterine weight. 

The data obtained show that estrogen causes a significant 
increase in the sodium, chloride, and calcium content of the uterus 
during the period of edema and later, during the period of proto- 
plasmic growth, an increase in potassium, phosphorus, and mag- 
nesium content. At the period of greatest edema (6 hours after 
estrogen administration), the electrolyte pattern differs consider- 
ably from that of untreated controls. The pattern suggests that 
the edema is both extracellular and intracellular. At the peak of 
uterine growth (30 hours after estrogen administration), the 


* This work was aided in part by a grant from the Rockefeller Founda- 
tion administered by Professor F. L. Hisaw. 
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2 Estrogen Influence on Electrolytes 


electrolyte pattern has almost returned to its control configura- 
tion. 
Materials and Methods 


One hundred and eighteen 21 to 22 day-old immature litter 
mate rats from an inbred colony were used. The average uterine 
weight of 21 to 26 day-old rats in our colony is 20 mg. and seldom 
varies more than 2 mg. The uterine weight response to a single 
dose of estrogen has been observed frequently and found to be 
consistent. Rats were killed with chloroform before and at 
varying intervals after the administration of 0.1 microgram of 
a-estradiol in 0.1 cc. of sesame oil subcutaneously. The uteri 
were removed immediately, blotted on filter paper, dissected free 
from adjacent tissues, and placed in tightly stoppered tubes. The 
uteri of several rats were usually collected in one tube for analysis, 
but in one series of twenty-four rats, the uteri were collected 
separately and analyzed individually.!. In Group A (Table I) 
a sample of pooled blood was obtained with a dry syringe during 
life and the serum analyzed. The hearts of the same group were 
removed at autopsy, pooled in a test-tube after being blotted 
carefully, and analyzed. 

The methods employed will be described in detail by one of us 
(O. H. L.) elsewhere.2. The fat-free solid weight was obtained 
according to the directions of Hastings and Eichelberger (2). 
Chloride was determined by Volhard titration, sodium as sodium 
zinc uranyl acetate, and potassium as potassium chloroplatinate 
gravimetrically. Calcium was precipitated as the oxalate and 
titrated after conversion to carbonate. Magnesium was pre- 
cipitated as magnesium ammonium phosphate and the phos- 
phate determined. The total phosphorus was determined colori- 
metrically with the Fiske and Subbarow (3) reagents. A single 
sample of about 0.3 gm. of tissue representing ten to twenty uteri 
was used for the determinations on pooled samples. On this 
amount of tissue the error of the methods is estimated at +2 
per cent for Cl and P, +3 per cent for Mg, 0 to 5 per cent for 
K and Na, and +5 per cent for Ca. 


1 Four groups of animals were studied at different times. These are 
presented as Groups A, B, C, and D in Table I. The measurements on 
individual rats are shown in Fig. 2. 

? Lowry, O. H., unpublished data. 
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4 Estrogen Influence on Electrolytes 


Results 


Immature Rats. Group A—The data obtained (Table I) show 
that a single dose of a-estradiol caused definite changes in the 
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Fig. 1. Average electrolyte content of uteri 0, 6, and 30 hours after the 
administration of 0.1 microgram of a-estradiol. 
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electrolyte pattern of the uteri, but not of the hearts or blood 
serum. All weights are presented on a fat-free basis. The chief 
features are as follows: (a) 6 hours after the administration of 
a-estradiol, when the uteri were edematous as evidenced by a 
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decrease in the total solids per kilo, the concentration of sodium 
had risen significantly and that of chloride slightly, whereas the 
concentrations of potassium and phosphorus had fallen. Although 
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Fie. 2. Observations on the concentrations of electrolytes per kilo of 
fat-free tissue in individual uteri before and after the administration of 
0.1 microgram of a-estradiol. @ = milliequivalents of chloride, O = mm 
of phosphorus, X = milliequivalents of sodium in individual uteri. The 
fine lines in the upper portion follow the changes in phosphorus (Curve 1), 
sodium (Curve 2), and chloride (Curve 3), respectively. The two curves 
in the lower portion show the changes in uterine weight reported previously 


(1). 


the concentration of potassium per kilo of tissue had fallen, the 
amount of potassium per kilo of total solids had risen as had the 
ratio of potassium to phosphorus. (6) 30 hours after a-estradiol 
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administration, the uteri were much larger than control uteri 
but were no longer edematous. These uteri had essentially the 
same electrolyte pattern per kilo of tissue as did control uteri. 

When the average total electrolyte contents of uteri 0, 6, and 
30 hours after a single dose of estrogen are calculated (Fig. 1), 
it becomes evident that there was a striking increase in the 
electrolyte content of the 6 and 30 hour samples. The cation 
columns are probably quite accurately representative of the 
tissue. The anion columns are less accurate, because the valence 
of the various phosphorus compounds is not known definitely. 
In Fig. 1 a valence of 1 has been assumed for phosphorus. A, 
represents unmeasured anions (HCO;-, ete.). At 6 hours there 
was a relative and absolute increase in A,. 

The electrolyte content per kilo of individual uteri is shown 
in Fig. 2. That changes in the electrolyte content of the uteri 
precede changes in water content is the only obvious interpretation 
of Fig. 2. More data are necessary to establish that point, 
however. 


DISCUSSION 


In this discussion sodium and chloride are considered to be 
chiefly extracellular elements and potassium, magnesium, and 
phosphorus, intracellular elements. It is recognized, however, 
that any of these elements may be present to some extent in 
both phases. 

The changes in the electrolyte pattern observed at 6 hours are 
of interest because they probably precede mitotic activity. At 
that time the average increase in the uterine water content was 
67 per cent. The chloride increase (+63 per cent) and the 
sodium increase (+116 per cent) were approximately what would 
be expected if two-thirds of the added water was ultrafiltrate. 
The increase in potassium and magnesium (+33 per cent) was 
greater than the increase in solids (+27 per cent). The phos- 
phorus, on the other hand, rose less (+12 per cent) than the 
solids. The absolute increases in the potassium, phosphorus, and 
magnesium per uterus without a proportional increase in cell 
number suggest that there must have been an increase in the cell 
membrane permeability to these elements. It also seems neces- 
sary to consider the possibility of an increase in cell permeability 
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to sodium and chloride as well. At 30 hours the electrolyte 
pattern has returned approximately to the control configuration 
even though the uteri have increased 100 per cent in total weight. 

In most tissues the extracellular fluid probably resembles a 
serum ultrafiltrate. If that is so, the ratio of sodium to chloride 
(as derived from the Donnan ratio applied to serum values) in 
the extracellular tissue phase should approximate 1.26. A lower 
ratio, 0.95, was observed in the control uteri and a ratio of 1.25 
in the 6 hour uteri. These findings suggest that at least in the 
control uteri some of the chloride was intracellular. Manery 
and Hastings (4) have described other tissues in which there 
appears to be some intracellular chloride. If some of the chloride 
is intracellular, chloride cannot be considered an accurate index of 
the volume of extracellular fluid. On the other hand, because 
the sodium in the uteri appears to be almost exclusively extra- 
cellular, it should serve as an index of the extracellular fluid 
volume. The data (Table I) support this thesis when the con- 
centration of sodium and chloride in the ultrafiltrate was cal- 
culated by assuming a Donnan ratio of 0.95 (2). They were found 
to approximate 145 and 115 milliequivalents per kilo respectively. 
On the basis of these values the extracellular volume was cal- 
culated and from that the water per kilo of cells was found by 
subtracting the estimated gm. of extracellular water from the 
total tissue water and dividing that value by the total weight 
less the extracellular fluid weight. When this was done, it was 
found that the chloride values gave cell water contents consider- 
ably below 700 gm. per kilo for the control and 30 hour uteri, 
whereas with a few exceptions the sodium data gave calculated 
cell water contents that approximated those of the rat hearts and 
of other striated muscle tissue (2). This is regarded as further 
evidence that sodium was chiefly extracellular in these uteri and 
that it therefore should serve as an approximate index of the 
extracellular fluid content. 

Fig. 3 shows the average changes in total solids, and intracellular 
and extracellular fluid volumes (calculated from sodium) of the 
uteri 0, 6, and 30 hours after the single dose of estrogen. At 6 
hours an increment in intracellular fluid must have been respon- 
sible for at least 20 per cent of the total fluid increase. By 30 
hours the intracellular fluid has doubled its original volume. 
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These findings are consistent with the apparent swelling of cells 
observed histologically (1). 

The extent to which the changes observed in the uterus fol- 
lowing estrogen stimulation are characteristic of other types of 
tissue growth remains to be determined. In the case of the 
uterus the extracellular phase swells 50 to 75 per cent, while 
the cells increase only one-third as much. During this phase 
the cells take on their normal quota of potassium but definitely 
less than their quota of phosphorus and probably of solids. This 
is followed by a phase characterized by marked cell growth during 
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Fie. 3. Changes in average intracellular and extracellular fluid per 
uterus following administration of 0.1 microgram of a-estradiol, as caleu- 
lated from chloride and sodium concentrations. The extracellular fluid, 
as estimated from sodium, is represented by the area A which lies between 
Lines 1 and 2, and as estimated from chloride by the area A + B which lies 
between Linesland3. The intracellular fluid, as calculated from sodium, 
is represented by the area B + C between Lines 2 and 4, and, as calculated 
from chloride, is represented by the area C which lies between Lines 3 and 4. 


which the cells take up approximately normal amounts of cell 
constituents. 


SUMMARY 


An investigation of the electrolyte composition of the im- 
mature rat uterus before and after it is stimulated to grow by a 
single dose of estrogen reveals the following facts. During the 
first 6 hours after estrogen administration the uterus gains water 
and chiefly extracellular electrolytes. During this phase there 
is an increase in the potassium to phosphorus ratio. During 
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the following 24 hours there is a rapid growth of new protoplasm 
with a gradual return of the electrolyte pattern to a normal 
configuration. 


We wish to thank Professor A. B. Hastings for his valuable 
suggestions in the preparation of this paper. 
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BY THE BLOOD COCARBOXYLASE 
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(From the Department of Biochemistry, Oxford University, Ozford, 
England) 


(Received for publication, October 17, 1939) 


It is now proved that vitamin B, acts in the body as a catalyst, 
necessary for the degradation of pyruvate, only after it has been 
converted into its diphosphate ester, cocarboxylase (1). It seems 
clear that vitamin B, circulates in plasma in the free unphosphory- 
lated form; in this form it diffuses readily and passes into tissue 
fluid, cerebrospinal fluid, urine, and cells of the body. Phosphory- 
lation of the vitamin with formation of cocarboxylase occurs in- 
side the cells (2). We have already indicated that the usefulness 
for clinical purposes of determinations of cocarboxylase in blood 
might be limited because all the cocarboxylase in blood is intra- 
cellular (2). But since the amount of free vitamin B, in plasma is 
so small (about 1 microgram per 100 ml.) and is considerably af- 
fected by slight hemolysis of the blood, no method of sufficient 
sensitivity and accuracy is available for estimations on plasma. 
In this paper we propose to examine further the value for clinical 
purposes of determinations of cocarboxylase in blood by analyzing 
the results of such estimations in groups of individuals with various 
diseases, and by comparing these values with the values for the 
total vitamin B, (free and phosphorylated) in blood. 

To determine cocarboxylase we have used the modification of 
the method of Ochoa and Peters that we recently described (2). 
Total vitamin B,; has been estimated by applying a correction 
(shortly to be published by Sinclair) to the values obtained by a 
slight modification of Meiklejohn’s method (3-4). Each of the 
samples of blood examined was obtained from a hospital patient. 
We have elsewhere reported values on normal healthy adults (2). 

* Present address, Department of Medicine, New York University Col- 


lege of Medicine, New York. 
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Comparison of Values for Cocarborylase with Corresponding 
Values for Total Vitamin B,—Simultaneous estimations of cocar- 
boxylase and total vitamin B, were made on 80 different samples 
of blood. A statistical analysis of the results in 77 of these showed 
a definite correlation between the two values. The cocarboxylase 
values ranged from 0.0 to 13.0 micrograms per 100 ml. with a mean 
of 4.14; the values for total vitamin B, ranged from 1.5 to 13.0 
micrograms per 100 ml. with a mean of 5.11. The correlation 
coefficient was 0.76 + 0.05, ¢ (5) = 15.2. Of the three samples 
omitted from this analysis, two came from patients who had re- 
ceived crystalline vitamin B, parenterally within 24 hours of the 
collection of the blood. In one of these the value for cocarboxy- 
lase was 2.5 micrograms per 100 ml. and the total vitamin B, 13.0; 
the corresponding values in the other were 5.0 and 12.0 micro- 
grams. The third sample omitted from the analysis was taken 
from a patient with myeloid leucemia who had a leucocyte count 
of 354,000 per microliter; the cocarboxylase value was 42.0 micro- 
grams per 100 ml. and the total vitamin B, 41.0. 

We were able to obtain samples of blood before and after treat- 
ment by injection of the vitamin in only eight instances, and the 
estimations in these are recorded in Table I. Administration of 
crystalline vitamin B, was followed in seven of the eight cases by 
an increase in both the cocarboxylase and total vitamin B, values 
of the blood. But in one subject the latter value increased 
markedly after daily injection of 10 mg. of crystalline vitamin B, 
for 1 week, whereas the cocarboxylase value remained unchanged. 
This patient had chronic glomerular nephritis with marked al- 
buminuria, anasarca, and anemia. It is probable that in this 
subject the ability to form cocarboxylase was diminished. A 
similar disability would explain the low cocarboxylase value found 
together with a normal value for total vitamin in Subjects 2 and 4 
(Table I). The two patients with pellagra both had skin lesions 
that responded to treatment with nicotinic acid; in the first 
(Subject 8) the peripheral neuritis responded to a full diet with 
addition of vitamin B, and nicotinic acid. The second (Subject 
9) is included merely to demonstrate that treatment with nicotinic 
acid does not affect the method of estimation, as we have already 
shown (2); it also indicates that pellagra tends to be a multiple 
deficiency and should therefore not be treated with a single pure 
vitamin. 
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14 Vitamin B, Deficiency 


We conclude from the above evidence that, except in occasional 
subjects who are probably unable adequately to phosphorylate the 
vitamin and also in those who have recently received intensive 
therapy with vitamin B, over a short period of time, the amount of 
cocarboxylase in the blood runs closely parallel to the total amount 
of vitamin By. 

Variation of Amount of Cocarboxrylase in Blood with Red and 
White Cell Count—We have previously stated (2) that “variations 
in the cell count, whether red or white, must be large before ap- 
preciably affecting the blood level of cocarboxylase. An increased 


Tass Il 
Variation of Values for Cocarborylase with Blood Cell Counts 




















Diagnosis Reset | White blood | Cocarboxylase 

milion per | emsand 2 | per 100m 
Pernicious anemia................ 1.40 6.3 1.5 
‘ag Le Eee 1.43 2.6 4.5 
Macrocytic ‘ of pregnancy... 1.98 7.5 3.0 
I I 2.26 8.2 4.0 
Idiopathic hypochromic anemia. . . 2.30 4.2 4.0 
Macrocytic anemia of pregnancy. . 2.98 7.1 3.0 
" - - ” 3.07 6.1 4.5 
Pernicious 5 re 3.63 4.1 4.0 
Erythroblastosis with anemia... . .| 3.66 5.5 
Ulcerative colitis................. 3.89 10.2 4.0 
Pernicious anemia................ 3.89 4.8 2.0 
" EE eee 4.12 3.2 3.5 
Neuritis (cured)..............:... 4.62 7.8 6.5 
a 5.37 7.8 6.0 








blood value can be readily observed with an increase in the poly- 
morphonuclear leucocyte count of 20,000 or with an increase in 
the erythrocyte count of 2,000,000 per microliter.” In Table II 
we have listed the diagnoses, the erythrocyte and leucocyte 
counts, and the cocarboxylase values obtained in fourteen patients. 
We have, of course, excluded from Table II all those subjects who 
presented clinical syndromes (other than anemia) that could be 
attributed directly to deficiency of any one of the water-soluble 
vitamins. Subjects with leucemia have also been excluded, since 
we are not here concerned with extreme variations in cell count. 
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All the remaining subjects, the records of whose blood counts we 
possess, are included. The correlation coefficient of the erythro- 
cyte counts (which ranged from 1.4 X 10* to 5.4 X 10° per micro- 
liter) and the cocarboxylase values is 0.54 + 0.20, 1 = 2.7. Al- 
though this is suggestive of a direct relationship between the two, 
the effect of the erythrocyte count upon the cocarboxylase value 
is not sufficiently great within this range of counts to necessitate 
correcting the value. 

In this same group of patients, there was no correlation between 
the leucocyte counts, which ranged from 2600 to 10,200 per micro- 
liter, and the cocarboxylase values. The correlation coefficient 
was 0.20 + 0.29. This also confirms our previous statement, 
quoted above. 

We conclude that determinations of the amount of cocar- 
boxylase in blood provide, within the limitations mentioned, a 
reasonably accurate index of the degree of saturation of the body 
with cocarboxylase and vitamin B,. In the following pages our 
results in various clinical conditions have been assessed on this 
basis. 

Use of Blood Cocarboxylase Value As a Measure of Saturation of 
Tissues with Vitamin B,—Our results on 117 subjects are charted 
(Fig. 1) in groups according to the clinical diagnoses that had 
been made before the results of the determinations were known. 
We have previously found (2) that the average values for cocar- 
boxylase in the blood of twenty-six young healthy adults ranged 
from 4.5 to 12.0 micrograms per 100 ml. with a mean (+ c) of 
7.0 + 2.1. Judged by this range, a value below 3.0 micrograms 
may be assumed to be definitely low; in Fig. 1 a line is drawn at 
this level, and a dotted line at the lowest normal value. Of the 
111 untreated patients included in this series, 40 gave significantly 
low values, and 66 gave values below the lowest normal value. 

The etiological relation of deficiency of vitamin B, to “alcoholic” 
polyneuritis has been demonstrated by several workers (6). This 
relation is supported by our results: values from four such patients 
are significantly low, and the other two give a figure (3.0 micro- 
grams per 100 ml.) that is border line. One of us has obtained 
significantly low values for total vitamin B,; in such cases (7, 8). 
In Fig. 1, the cocarboxylase values of two “uncomplicated”’ alcohol 
addicts are recorded; both are normal. 

Cases of nutritional polyneuritis are also associated with low 
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Fia. 1. Blood cocarboxylase (in micrograms per 100 ml.) as a measure of 
saturation of the tissues with vitamin B,. @ represents results with un- 
treated patients; O results with patients who have received vitamin B, 
parenterally. The solid line is drawn at the level considered definitely 
low; the dotted line at the lowest normal value. The column numbers 
(indicated by the figures on the horizontal scales) denote the following 
conditions: (1) alcoholic polyneuritis; (2) nutritional polyneuritis; (3) 
diabetic polyneuritis; (4) other cases of polyneuritis; (5) subacute com- 
bined degeneration of the cord; (6) Korsakoff psychosis; (7) acute con- 
fusional psychosis; (8) schizophrenia; (9) depression; (10) anemias; (11) 
leucemias; (12) cardiac failure or edema; (13) scurvy; (14) pellagra; (15) 
non-tropical sprue; (16) alcoholism (uncomplicated); (17) liver disease; 
(18) thyrotoxicosis; (19) myxedema; (20) ulcerative colitis; (21) miscel- 
laneous diseases. 
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values. Only one of five cases of diabetic neuritis gave signifi- 
cantly low values (1.0 and 2.5 micrograms per 100 ml.). This 
subject, who was also an alcohol addict, was the only diabetic 
from whom we were able to obtain blood within a few weeks of 
the onset of an acute neuritis. Following administration of insu- 
lin and vitamin B,, his neuritic signs and symptoms disappeared, 
and this was associated with a rise in the cocarboxylase value to 
5.0 micrograms per 100 ml. Owing to the multiple therapy that 
he received, it is not possible to say that the neuritis was definitely 
caused by his undoubted deficiency of cocarboxylase. As nerve 
cells depend mainly upon carbohydrate as a source of energy, and 
as both cocarboxylase and insulin (and also the diabetogenic factor 
of the anterior pituitary) play a part in the utilization of carbo- 
hydrate, there are several possible ways in which the diabetic 
patient might develop neuritis. Further, diabetics that are 
treated with high carbohydrate diets need more vitamin B,, and 
diuresis also increases the requirement. In some cases, arterio- 
sclerosis probably also plays a part. 

Among the other cases of polyneuritis is a subject who presented 
a syndrome resembling that described by Cushing, possibly of 
adrenal origin (Subject 4 in Table I). The return of the cocar- 
boxylase value to normal coincided with the disappearance of his 
neuritis. 

Results on various neurological and psychiatric conditions are 
plotted in Columns 5 to 9 (Fig. 1). Six untreated patients with 
pernicious anemia and subacute combined degeneration of the 
cord gave values ranging from 1.0 to 4.5 micrograms per 100 ml.; 
three are significantly low. We do not believe that these low 
values are necessarily of etiological importance in this disease, 
since cases of pernicious anemia without cord involvement have 
given similar results (1.5 to 4.5 micrograms per 100 ml.). Low 
erythrocyte counts may partly contribute to the low values, but 
the main factors are probably gastrointestinal dysfunction and 
poor dietary habits. No convincing evidence has ever been 
presented that vitamin B, plays a part in the etiology of subacute 
combined degeneration of the cord, although occasional clinicians 
have reported improvement after treatment with the vitamin. 
Nevertheless peripheral neuritis is part of the disease (9), and 
it may be that vitamin B; deficiency plays a part in the causation 
of this. 
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Of the samples from three patients with ‘‘untreated”’ Korsakoff 
psychosis, only one was sent with this diagnosis definitely estab- 
lished. This patient’s blood contained 0.0 microgram per 100 
ml. (total vitamin B, 2.5 micrograms); after parenteral therapy 
with crystalline vitamin B, for 5 days, the cocarboxylase increased 
only to 2.0 micrograms, and the total vitamin B,; was 5.0. 

The values obtained on four cases of acute confusional psychosis, 
six of schizophrenia, and twelve of depression are plotted in Col- 
umns 7, 8, and 9 (Fig. 1). Many of these show significantly low 
values. However, it appears just as reasonable to suppose that 
the deficiency state developed after the onset of the mental disease 
as that it preceded it. That deficiency of vitamin B,; may, in 
some instances, play a part in the etiology of mental depression is 
suggested by the following case report. 


W., a 40 year-old, hypomanic, white male, a travelling salesman by pro- 
fession, was admitted to the hospital with a reactive depression of acute on- 
set. A blood sample drawn on the day of admission showed a cocarboxy- 
lase level of 2.5 micrograms per 100 ml. (total vitamin B, 3.5 micrograms). 
Treatment was immediately started with parenteral administration of 10 
mg. of crystalline vitamin B, daily. Improvement was rapid and the 
patient was discharged from the hospital recovered, 1 week after admission. 
The blood cocarboxylase level at this time was 5.0 micrograms per 100 ml. 
(total vitamin B, 7.0). 


Four subjects with lymphatic leucemia and one with erythro- 
blastosis had cocarboxylase values within the normal range. Two 
subjects with myeloid leucemia had values well above the normal 
limits. 

Six out of thirteen subjects with heart failure or edema had 
significantly low cocarboxylase values, and three gave border line 
values (3.0 micrograms). Two alcohol addicts with edema and 
one with acute cardiac failure had values of 3.0, 1.5, and 0.0 micro- 
grams per 100 ml. respectively. One patient with a gastric ulcer 
and edema had a value of 0.5 microgram. One diabetic with 
congestive heart failure had a value of 1.0 microgram which 
increased to 5.5 micrograms after therapy with vitamin B,;. A 
case diagnosed as “‘wet beriberi’’ and one of ‘‘unexplained edema” 
had values of 3.0 and 2.5 micrograms respectively. A case of 
coronary thrombosis with gross edema gave a value of 3.0 micro- 
grams and one of chronic glomerular nephritis, with anasarca, 
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gave values of 3.0 and 2.5 micrograms per 100 ml. (see Table I). 
There can be little doubt that, in most of these cases, the associa- 
tion of the deficiency of vitamin B, with the cardiovascular 
disturbances was more than coincidence. Of the four subjects 
who had normal blood cocarboxylase values, one had thyrotoxicosis 
with congestive heart failure; one organic heart disease (type not 
recorded) with congestive failure; one ulcerative colitis with 
nutritional edema; and the fourth was a 16 month-old female, 
with esophageal stenosis, edema, and anemia, who had been 
receiving parenteral liver therapy. 

All of the seven untreated subjects with other deficiency dis- 
eases listed in Columns 13, 14, and 15 (Fig. 1) had low blood 
cocarboxylase values, showing clearly that deficiency diseases in 
man tend to be multiple. That the low cocarboxylase values in 
the cases of “non-tropical sprue” (idiopathic steatorrhea) were 
probably not due to an inability of the tissues to phosphorylate 
the vitamin is indicated by the fact that the values for total vita- 
min B, were also significantly low in these patients. The defi- 
ciency of vitamin B, in these patients must have been due to 
dietary deficiency, to increased destruction of the vitamin (in the 
gut or in the body), or to failure of absorption from the gut. 

Although there is little doubt from the work of Alvarez (10) 
and others that deficiency of vitamin B, does not affect gastric 
acidity in man, achlorhydria is very commonly found in patients 
who are deficient in the vitamin. Laurent and Sinclair (11) 
described a subject with carcinoma of the stomach causing pyloric 
stenosis, who developed peripheral neuritis accompanied by a very 
low value for total vitamin B, in the blood, although he was taking 
the vitamin orally; after gastrojejunostomy and partial gastrec- 
tomy the polyneuritis disappeared and the vitamin in the blood 
returned to normal. These authors suggested that some factor 
produced by the stomach or duodenum might have destroyed or 
prevented the absorption of the vitamin in the prolonged presence 
of alkali. Later Sinclair was able to demonstrate destruction of 
the vitamin when incubated in vitro with gastric or duodenal juice 
from patients with achlorhydria, and Mahlo (12) showed that the 
presence of hemin causes destruction even in an acid medium. 
There is, therefore, evidence, both circumstantial and direct, that 
gastric achlorhydria tends to produce deficiency of vitamin B,. 
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The results of gastric analyses were recorded in twenty of the 
patients in our present study; of these four had hypochlorhydria 
and twelve had achlorhydria, and of these sixteen patients with 
diminished gastric acidity thirteen had significantly low values 
for cocarboxylase in blood. The mean (+ c) of the sixteen values 
was 3.02 + 1.37, whereas the mean of twenty-six normal values 
was 7.0 + 2.1. The standard error of the difference between these 
two means is 3.98 + 1.35 (¢ = 2.9). This result shows that in 
man there is a definite association between diminished gastric 
acidity and deficiency of cocarboxylase. 


SUMMARY 


1. Evidence has been presented to show that the amount of 
cocarboxylase in blood, determined by a chemical method, varies 
directly with the amount of total vitamin B,, determined by a 
biological method, and also with the degree of saturation of the 
tissues with the vitamin. The only exceptions are the rare cases 
in which the ability of the tissues to phosphorylate the vitamin is 
apparently diminished, the cases in which the blood cell count is 
greatly increased (e.g., cases of polycythemia vera or myeloid 
leucemia), and patients who have recently received intensive 
therapy with vitamin B, over a very short period of time. In most 
clinical cases, the determination of the amount of cocarboxylase 
in blood provides a rapid and reliable method of estimating the 
degree of saturation of the tissues with the vitamin. 

2. There is an etiological relationship between deficiency of 
vitamin B, and “‘alcoholic”’ neuritis, nutritional neuritis, and some 
cardiovascular disturbances. The possible relation of deficiency 
of vitamin B, to diabetic neuritis is discussed. 

3. Deficiency of vitamin B; is associated with cases of anemia, 
of subacute combined degeneration of the cord, and of certain 
psychiatric disorders, and the possible interpretations of the 
significance of this association are briefly discussed. 

4. Diminished gastric acidity tends to be associated with defi- 
ciency of vitamin B,. 

5. Our investigations have shown that definite deficiency of 
vitamin B, is not uncommon among hospital patients in England; 
and we wish to emphasize that vitamin deficiencies in man are 
almost always multiple and are therefore usually inadequately 
treated by administration of a single pure vitamin. 
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RADIOACTIVE PHOSPHORUS AS AN INDICATOR OF 
PHOSPHOLIPID METABOLISM 


IX. THE INFLUENCE OF AGE ON THE PHOSPHOLIPID METABO- 
LISM OF VARIOUS PARTS OF THE CENTRAL NERVOUS SYSTEM 
OF THE RAT. THE COMPARATIVE PHOSPHOLIPID ACTIVITY 
OF VARIOUS PARTS OF THE CENTRAL NERVOUS SYSTEM OF 
THE RAT* 


By B. A. FRIES, G. W. CHANGUS, anv L. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical 
School, Berkeley) 


(Received for publication, October 17, 1939) 


The rate of deposition and loss of labeled phospholipid follow- 
ing the administration of sodium phosphate marked by the inclu- 
sion of radioactive phosphorus has been employed in this labora- 
tory for comparing the phospholipid activity of various tissues 
(1-5). Brain shows a much slower deposition of radioactive phos- 
pholipid than liver, kidney, or small intestine (4). In the latter 
group of tissues the maximum amount of labeled phospholipid 
was found 10 to 15 hours after the ingestion of labeled phosphate, 
whereas in the brain a progressive increase in the content of radio- 
active phospholipid was observed for as long as 200 hours. Once 
the maximum amount of labeled phospholipid has been deposited, 
its loss from the brain occurs at a very slow rate. This slow but 
prolonged increase and retarded loss of labeled phospholipid char- 
acterize a low rate of phospholipid turnover. 

It was also observed that the brains of younger rats incorporate 
phospholipid in greater amounts than those of older animals (4), 
and in the present study this variation in phospholipid activity 
with age has been investigated in detail in the following divisions 
of the central nervous system: forebrain, cerebellum, medulla, 


* Aided by grants from Child Neurology Research (Friedsam Founda- 
tion) and from the Research Board of the University of California. 
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and cord. It was found that in all parts of the brain phospholipid 
activity varied with the age of the animal. It is highest at birth 
through the entire central nervous system. Although this gen- 
eral characteristic is shared by all the parts investigated, the phos- 
pholipid activity is by no means uniform throughout the system; 
striking differences are encountered in the activities of forebrain, 
cerebellum, medulla, and spinal cord. 


EXPERIMENTAL 


The data recorded here were obtained from over 250 animals. 
Rats of the following weights were investigated: 5 to 6 gm. (new 
born), 15 gm. (7 days old), 25 gm. (14 days old), 30 gm., 50 gm., 
100 gm., 200 gm., and 300 gm. The weights of the animals within 
each group did not vary by more than 5 per cent except in the 5 
and 300 gm. groups, in which the maximum differences in weight 
were about 10 per cent. 

Radioactive phosphorus was administered subcutaneously as 
an isotonic solution of NazHPQ,; each rat received 1 cc. of this 
labeled phosphate solution per 100 gm. of body weight. The 
5 gm. rats were injected between 2 and 4 hours after birth. 

The adult rats were fed a standardized stock diet, and access to 
it was not interrupted during the course of the experiment. The 
young rats were kept with their mothers, and suckling was not 
interfered with after the administration of the labeled phosphorus. 

The brains were removed 24 and 48 hours after the injection of 
the phosphorus. The phospholipid activities found, however, 
are referred to the age or weight of the rat at the time of injection. 

Divisions of Brain and Treatment—-The animals were sacri- 
ficed by decapitation and the brain removed immediately. The 
brain, including the olfactory lobes, was raised from the floor of 
the cranium and the nerves cut close to the base. The hypophysis 
was not included. Analyses were made of the following divi- 
sions: forebrain, cerebellum, medulla, and cord. These were 
obtained as follows: 

Forebrain—The brain was divided at the line between the two 
pairs of corpora quadrigemina. The part superior to and includ- 
ing the upper pair of the corpora quadrigemina has been termed 
here the forebrain. 
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Medulla'\—This included the lower pair of corpora quadrigemina 
and all tissue to the level of the first cervical nerve. 

Cerebellum—tThis part was lifted directly off the medulla. 

Spinal Cord—This included all tissues from the level of the 
first cervical nerve to the upper level of the cauda equina. The 
latter was not included. 

The membranes (with the exception of the pia mater) and other 
extraneous material were removed from each part of the brain 
before it was immersed in alcohol. 

Pools of these brain divisions were obtained from five to ten 
animals, most of the pools from six. In the case of 5, 15, and 25 
gm. rats pools were always made from litter mates. 

The method of extraction of phospholipid from these parts of 
the brain as well as the manner in which their radioactivity was 
determined has been recorded elsewhere (4). 

All values shown in Figs. 1 to 5 represent averages of three or 
more separate analyses in which close agreement was obtained. 


Phospholipid Activity® at Various Ages 


Forebrain—The phospholipid activity of the forebrain found at 
24 and 48 hours after the administration of radioactive phosphorus 
is shown in Fig. 1. The change in activity that accompanies 
growth of the animal is indeed striking. In the day-old’ rat the 
average activity of the forebrain at the 24 hour interval was 0.53 
per gm., but at the end of 1 week (15 gm. rat) the average activity 
of this tissue had fallen to 0.27 per gm., a value about 50 per cent 
lower. The most rapid decline in activity occurred between birth 


! Separation of the above parts was effected with ease in all age groups 
studied except in the new born (5 to6 gm.) rat. In this case difficulty was 
experienced in making a distinct separation between cerebellum and me- 
dulla. It was therefore deemed advisable to combine these two parts of 
the brain in the new born rat. 

? The term phospholipid activity refers to the percentage of administered 
labeled phosphorus found in the form of phospholipid. Throughout this 
study activity per gm. is recorded. 

* The average weight of an animal referred to throughout this study 
represents the age or weight at the time radioactive phosphorus was injected. 
But the animals were killed and the brain removed for analyses at intervals 
of 24 and 48 hours thereafter. New born rats gained about 1 gm. in 24 hours 
and 2 gm. in 48 hours. 
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and the time the rats attained a weight of 50 gm. The forebrain 
of the 50 gm. rat has lost over 90 per cent of the activity or gm. 
of tissue found at birth. By the time the rat attains a weight of 
300 gm., the phospholipid activity of this part of the brain has 
fallen to a value approximately 2 per cent of that observed at 
birth. 
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Fic. 1. The phospholipid activity of the forebrain. The ordinates on 
the left refer to per cent of labeled phosphorus found as phospholipid per 
gm. of forebrain at intervals of 24 and 48 hours after the administration of 
the radioactive phosphorus. © represents average values obtained for 
phospholipid activity at the 24 hour interval; @ at the 48 hour interval. 
All values recorded here represent averages of three or more separate 
analyses. The growth of the forebrain from birth till the time the rat 
attains a weight of 300 gm. is represented by the symbol © and the ordinates 
for these values are shown on the right. 


A similar course of events was found when the forebrain was 
examined at the 48 hour interval after the administration of radio- 
active phosphorus. The phospholipid activities at this later in- 
terval, however, were 1.5 to 2 times as great as those observed at 
24 hours. 
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Spinal Cord—24 hours after the administration of radioactive 
phosphorus the average phospholipid activity of the cord of the 
new born rat was 1.11 per gm. (Fig. 2). By the end of the Ist 
week (15 gm. rats) the average 24 hour activity had dropped to 














{20-2 
100} 2 
457 
: 
t és 
2 , 
= 
9 sol 120 = 
oa 433 % 
e YD 
> be 
F 40 80 
< 42! 
20+ 40+ 
+09 
403 











24 HRS— 


[ 
fo 30100 200 300 
s ANIMAL WT. GRAMS 


Fig. 2. The phospholipid activity of the spinal cord. The ordinates on 
the left refer to per cent of labeled phosphorus found as phospholipid per 
gm. of spinal cord at intervals of 24 and 48 hours after the administration 
of the radioactive phosphorus. O represents average values obtained for 
phospholipid activity at the 24 hour interval; g at the 48 hour interval. 
All values recorded here represent averages of three or more separate 
analyses. The growth of the spinal cord from birth till the time the rat 
attains a weight of 300 gm. is represented by the symbol @ and the ordi- 
nates for these values are shown on the right. 


0.56 per gm. Thus in the short space of 7 days the cord lost 
about 50 per cent of the activity present at birth. At 2 weeks of 
age (25 gm. rats) the activity per gm. was 0.33, and this precipi- 
tous drop continued until the rat reached a weight of 50 gm. 
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From 50 gm. on the rate of loss in activity was less rapid than at 
earlier ages, although it should be noted that the activity found 
in the cord of the 100 gm. animal was approximately 50 per cent 
of that found in the 50 gm. rat. The activity observed in the 
cord of the 300 gm. rat was 0.01 per gm., a value that is less 
than 1 per cent of that found at birth. 

The activities at the 48 hour interval after phosphorus ad- 
ministration were in all cases higher than at the 24 hour period. 
Here again the value found per gm. of tissue for the 300 gm. 
animal was less than 1 per cent of that observed in the new born 
rat. 

Cerebellum—The value shown in the legend of Fig. 3 for the new 
born rat (5 gm.) was obtained from the analysis of cerebellum and 
medulla combined. As noted above, separation of these parts 
was not made in the 5 gm. rat. In all other age groups examined 
separate analyses of cerebellum and medulla were obtained. The 
rapid drop in activity found for cord and forebrain in rats of from 
5 to 50 gm. was also observed in the case of the cerebellum. Thus 
in the 15 gm. rat 0.36 per cent of the administered labeled 
phosphorus was found as phospholipid in each gm. of cerebellum, 
whereas in the 50 gm. rat the cerebellum incorporated 0.035 per 
cent of the phosphorus into phospholipid per gm. of tissue. 

Medulla—The changes in phospholipid activity found in the 
medulla (Fig. 4) of the growing rat paralleled those observed in the 
other brain divisions. The most striking loss in activity occurred 
during the interval between birth and the time the rat attained a 
weight of 50 gm. The medulla continued to lose activity as the 
animal grew beyond 50 gm., but the loss during this time was less 
striking than the earlier one. 

Comparison of Rates of Loss of Phospholipid Activity That Oc- 
cur with Age in Forebrain, Cerebellum, Medulla, and Spinal Cord— 
Although the phospholipid activities present at birth differ widely 
in these four divisions of the central nervous system, yet from 
birth until the time the rat reaches a weight of 50 gm. the rate at 
which the activities decrease is roughly similar (Figs. 1 to 4). 
At some point between 30 and 50 gm. an abrupt change in phos- 
pholipid activity occurs. The labeled phospholipid activities 
per gm. of forebrain, cerebellum, medulla, and spinal cord found 
in rats between the weights of 50 and 300 gm. are recorded in 
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Fig. 5. Activity continues to be lost throughout the central 
nervous system as the animal grows older, but the loss observed 
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Fig. 3. The phospholipid activity of the cerebellum. The ordinates on 
the left refer to per cent of labeled phosphorus found as phospholipid per 
gm. of cerebellum at intervals of 24 and 48 hours after the administration 
of radioactive phosphorus. O represents the average values obtained for 
phospholipid activity at the 24 hour interval; @ at the 48 hour interval. 
As noted in the text, the cerebellum and medulla were combined for analyses 
in the 5 gm. rat and the average activities per gm. were 0.61 at the 24 hour 
interval and 1.08 at the 48 hour interval. All values recorded here repre- 
sent averages of 3 or more separate analyses. The growth of the cerebellum 
from birth till the time the rat attains a weight of 300 gm. is represented by 
the symbol @ and the ordinates for these values are shown on the right. 


after the rat weighs 50 gm. is much more gradual than in younger 
rats. 
Fig. 5 shows that the rate of drop in phospholipid activity after 
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the time the rat reaches a weight of 50 gm. is no longer uniform 
throughout the various divisions of the central nervous system, 
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Fig. 4. The phospholipid activity of the medulla. The ordinates on the 
left refer to per cent of labeled phosphorus found as phospholipid per gm. 
of medulla at intervals of 24 and 48 hours after the administration of radio- 
active phosphorus. A represents average values obtained for phospho- 
lipid activity at the 24 hour interval; A at the 48 hour interval. As noted 
in the text, the medulla and cerebellum were combined for analyses in the 
new born rat (5 gm.) and the average activities per gm. were 0.61 at the 
24 hour interval and 1.08 at the 48 hour interval. All values recorded here 
represent averages of three or more separate analyses. The growth of the 
medulla from birth till the time the rat attains a weight of 300 gm. is repre- 
sented by the symbol @ and the ordinates for these values are shown on 
the right. 


the loss of activity in the cord being more precipitous than in the 
forebrain, cerebellum, or medulla. 
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Growth of Brain—The most striking observation presented here 
is the decline in phospholipid activity that occurs in the central 
nervous system between birth and the time the rat weighs 50 gm. 
This pronounced fall in activity is found during the interval in 
which the most rapid growth is occurring in the central nervous 
system. Thus in the 50 gm. rat the forebrain has attained 78 
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Fic. 5. Comparison of the decline in phospholipid activity of forebrain, 
cerebellum, medulla, and spinal cord between the times the rat reaches 
weights of 50 and 300 gm. The symbols have the same meaning as in Figs. 
1 to 4 and represent activities 24 hours after the administration of labeled 
phosphorus. <© forebrain, O cerebellum, A medulla, 0 spinal cord. 


per cent of the growth found in the 300 gm. rat (Fig. 1), the cere- 
bellum 65 per cent (Fig. 3), the medulla 60 per cent (Fig. 4), 
and the cord 40 per cent (Fig. 2). The growth data shown in 
Figs. 1 to 4 were obtained from 70 pools involving over 400 rats, 
and the values recorded compare favorably with those found by 
Donaldson and Hatai (6), who, however, used brain divisions 
slightly different from those employed here. Those workers found 
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no sex difference in the growth of the various parts of the brain, 
while in the present study both sexes were used to provide the 
data of growth as well as of phospholipid activity. 


Comparative Phospholipid Activity of Forebrain, Cerebellum, 
Medulla, and Cord 


In order to compare the activities of the four divisions of the 
central nervous system the spinal cord has been taken as the 
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Fic. 6. The comparative phospholipid activities of forebrain, cerebel- 
lum, medulla, and spinal cord from birth till the time the rat attains a 
weight of 300 gm. In each age group, the spinal cord has been assigned 
the arbitrary value of 100. The cross-hatched areas for the 5 gm. rat repre- 
sent the values for medulla and cerebellum combined. 


standard and its activity in each weight group assigned an arbi- 
trary value of 100 (Fig. 6). Although in the case of the 5 gm. 
rat 100 represents an actual phospholipid activity many times 
greater than 100 in the 50, 100, 200, etc., gm. rat, nevertheless 
this procedure permits a comparison of activities at any selected 
weight. 

From birth until the time the rat attains a weight of 50 gm. (1 
month) the cord is the most active part of the nervous system. 
During this time the cord is 2 or more times as active as the fore- 
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brain. The medulla approaches most closely the cord in ac- 
tivity. 

In the older rats, namely those weighing 200 to 300 gm., a 
change in the relative activities of these divisions had occurred. 
24 and 48 hours after the injection of radioactive phosphorus, the 
forebrain, cerebellum, and medulla were found to have higher 
activities than the cord. 


The radioactive phosphorus used in this investigation was sup- 
plied by members of the Radiation Laboratory under the direc- 
tion of Professor E. O. Lawrence, to whom our thanks are due. 
The assistance furnished by the Works Progress Administration 
(Official Project No. 10482-A6) is also gratefully acknowledged. 


SUMMARY 


The deposition of labeled phospholipid at intervals of 24 and 
48 hours after the administration of P® was employed to compare 
the phospholipid activities of forebrain, cerebellum, medulla, and 
spinal cord. 

1. The highest phospholipid activity is present on the day of 
birth in all parts of the central nervous system. 

2. From birth until the time the rat attains a weight of 50 gm. 
a precipitous decline in phospholipid activity occurs through the 
entire central nervous system. So striking is this loss in phos- 
pholipid activity that by the time the rat reaches a weight of 50 
gm. the spinal cord retains only 5 per cent of the activity present 
in the new born rat. 

3. An abrupt change in phospholipid activity occurs in the cen- 
tral nervous system of the rat between the times it reaches weights 
of 30 and 50 gm. As growth proceeds beyond 50 gm., phospho- 
lipid activity decreases throughout the central nervous system, 
but at a much slower rate than was observed between birth and 
50 gm. The spinal cord in the 200 gm. rat possesses an activity 
of 20 per cent of that present in the 50 gm. rat, whereas in the 
300 gm. rat the cord retains 15 per cent of the activity found in 
the 50 gm. animal. The forebrain, cerebellum, and medulla also 
lose activity as the animal grows from 50 to 300 gm., but the rate 
of decline in activity is less than that which occurs in the cord. 

4. Phospholipid activity is not uniform throughout the central 
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nervous system. It is highest in the spinal cord from birth to the 
time the rat reaches a weight of 50 gm. After this the relative 
activities of forebrain, cerebellum, and medulla rise steadily, and 
by the time a weight of 200 or 300 gm. is attained they are as 
great in those divisions as in the cord, or even greater. 
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THE PICRIC ACID AND PICROLONIC ACID PRECIPITATES 
OF GONADOTROPIC EXTRACTS 


By FRITZ BISCHOFF 


(From the Chemical Laboratory, Santa Barbara Cottage Hospital, Santa 
Barbara) 


(Received for publication, August 23, 1939) 


Fevold (1) has reported that the precipitates of the so called 
follicle-stimulating hormone with picrolonic, picric, and flavianic 
acids are inactive in promoting follicular growth and concludes 
that the acids are combined with the active substance in such a 
way as to render the prosthetic group inactive, the prosthetic 
group being again set free when the acid is removed. Similar 
results were obtained with the picrolonic acid precipitate of an 
unfractionated extract. Reactivated and nitrophenol-free ma- 
terial was obtained by dissolving the precipitate at pH 6.5 and 
precipitating with acetone. 

It had previously been shown in this laboratory (2) that histone 
forms a precipitate with unfractionated pituitary extracts, the 
resulting mixture showing a decrease in activity similar to that 
found by Fevold for the picrate. In this instance, the histone 
forms an insoluble compound with inactive material, liberating 
the active material (pH 6.0 to 8.0). The decrease in activity ob- 
served was attributed to an increase in rate of resorption from the 
site of injection due to the precipitation of the naturally occurring 
adsorbing proteins, for the addition of zine (3), which slowed re- 
sorption of the active fraction, produced the original physiologic 
effect. It occurred to us that the results obtained by Fevold 
with the picrolonic acid precipitate might be explained upon a 
similar basis, rather than upon a reversible chemical inactivation. 

Extract and Precipitation—Freshly prepared aqueous extracts 
of a desiccated preparation of sheep hypophyses, corresponding 
to Powder A of Wallen-Lawrence (4) (proteins, insoluble at pH 8.5 
and in 40 per cent ethanol, removed), were used. The precip- 
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itates were formed from aqueous solution of the hypophyseal 
preparation with aqueous saturated picric acid solution or ace- 
tone saturated picrolonic acid solution and were washed with 


TABLE I 
Influence of Divided Dosage and of Delayed Resorption on Physiologic 
Response to Picric Acid and Picrolonic Acid Precipitates of 
Gonadotropic Extract 


The extract was administered for 4 days in each case. 





| ‘Average No. of 
| rats 




















Ex- | | Total | a. | ove 
pat Extract administered | dese | bm | Send obtain 
"No. rm Caily of | ovarian 
“at loc 
mg. mg. 
I | Free aqueous extract 4 1 34 s 
Aqueous suspension of washed picric 4 1 31 7 
acid ppt. of extract 
Aqueous suspension of washed picro- 4 7; te 8 
lonie acid ppt. of extract 
II* | Control 14 4 
Free aqueous extract 1 1 19 4 
“c “é ae l 5 52 4 
Suspension of water-washed picric | 2 ee 20 4 
acid ppt. of extract 
Same | 1 5 | 67 | 4 
III* | Free aqueous extract + CuSO, oi 1 122 5 
Suspension of water-washed picric | 1 1 66 5 
acid ppt. of extract + CuSO, | 
IV* | Free aqueous extract S <-e 67 6 
Suspension of water-washed picrolonic | 1 | 4 20 7 
acid ppt. of extract | 
| ae 59 7 
V* | Free aqueous extract + CuSO, Wwe. Jee. 
Suspension of water-washed picrolonic bh 5.2 16 8 





acid ppt. of extract + CuSO, | | | | 





* The preparations injected in these experiments were made isotonic 
with NaCl. 


water as directed by Fevold (1). The solubility determina- 
tions were made with suspensions containing an equivalent of 
1 mg. per ec. of original powder. The solutions or suspensions 
used for assay contained the dose per rat in 1 ec. concentration. 
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22 to 23 day-old rats were used for assay. A comparison of three 
to six groups of litter mates was made in each experiment to min- 
imize variation in response. The extract was given once or five 


Taste II 


Allocation of Active Material in Picric Acid and Picrolonic 
Acid Precipitation and Subsequent Elution 


The extract was administered once daily for 4 days in each case. 





















































| s3_ | 
| 32 Le | 3 | 3 2 
é °§ ii | 
. gs 7 2 i z 
F Extract administered ii . 533 | 3° 
i al 
ans FEE 
a iB o |< Zz 
Picric acid 
7 mg mg. 
VI | Control 0 16 3 
lst wash water of picric acid ppt. 1 0.5 18 3 
VII | Control | 0 16 3 
Centrifuged saline extract of water- 0.8) 0.5 | 38 3 
washed picric acid ppt., pH 4.0 
VIII | Suspension of picric acid ppt. 1 0.5 | 64 4 
| Filtrate of CuSO,* extract of picricacid | 1 0.5 | 66 4 
ppt. 
| Suspension of ppt. of CuSO,* extract of | 1 0.5 | 23 4 
| picric acid ppt. 
Picrolonic acid 
| Control | o | 16 3 
Ist wash water of picrolonic acid ppt. | 1 | 0.5 17 6 
X | Free aqueous extract urd 0.5 | 117 4 
_ Suspension of water-washed picrolonic | 1 | 0.5 | 106 8 
| acid ppt. of extract | 
Centrifuged saline extract of water- 1 0.5 | 65 8 
| washed picrolonic acid ppt., pH 4.5 | | 








* 0.05 per cent concentration of Cu. 


times daily for 4 days as indicated in Table I, and in certain cases 
copper as copper sulfate was added to delay resorption and assure 
maximum response (3). 
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Results 


The results of Experiment I, Table I, indicate that with the 
picrolonic acid precipitate less response is manifested than with 
the original aqueous extract, when administered once daily. In 
Experiment 1V, however, in which greater response is obtained 
by dividing the dosage (twenty doses instead of four) there is no 
significant difference between the action of the original extract and 
the action of the picrolonic acid precipitate. When administered 
once daily, this amount (1 mg.) of the picrolonic acid precipitate 
produces a very slight effect. When the assay is made with copper 
in Experiment V, considerable activity is manifested by the picro- 
lonic acid precipitate. 

In Experiments I and II, Table I, there is no significant differ- 
ence in the response to the free aqueous extract and in the response 
to the picric acid precipitate. Fevold gives no data for the effect 
of the picric acid precipitate of unfractionated extracts. Ap- 
parently there is no change in effect. 

Experiments VI and IX, Table II, show that no detectable 
amount of active material is lost in the first wash water of the 
picric acid or picrolonic acid precipitates. Experiments VII 
and X show, however, that at about pH 4.5 the active material 
of the water-washed picric acid and picrolonic acid precipitates 
goes into solution in saline. The critical pH is apparently ob- 
tained by a second washing. Saline is not essential to effect 
solution (see Experiment VIII, Table I). 


CONCLUSION 


As a result of the foregoing experiments, it is concluded that 
picric acid and picrolonic acid completely precipitate the pituitary 
gonadotropic hormone and inactive material at about pH 3.0. 
At pH 4.5 the active material goes into solution, while some of the 
naturally occurring contaminating proteins are still insoluble. 
The picric acid and picrolonic acid precipitates retain their po- 
tency without removal of picric or picrolonic acid in the presence 
of copper, which presumably delays the resorption by adsorbing 
the active material at the pH of the body (3). Finally by ad- 
ministering the picric or picrolonic acid precipitates five times 
instead of once a day and producing a condition similar to de- 
layed resorption, the full activity is demonstrated. This observa- 
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tion shows that the weak response to the picrolonic acid precipi- 
tate, when administered in the conventional assay, need not be 
explained on the basis of a reversible chemical inactivation. 


SUMMARY 


1. The active fraction of the picric acid and picrolonic acid 
precipitates of pituitary gonadotropic extract is insoluble at pH 
3.0 and is soluble in isotonic saline at pH 4.5. 

2. The insoluble picric acid and picrolonic acid precipitates or 
the soluble extracts (pH 4.5) retain their activity when assayed 
with Cu to delay resorption or when administered simply in 
divided dosage (five doses per day instead of one). 

3. No evidence for a reversible chemical inactivation is thus 
obtained. 
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THE B VITAMINS AND FAT METABOLISM 
III. THE EFFECTS OF VITAMIN B, UPON LIVER AND BODY FAT 


By GERTRUDE GAVIN anp E. W. McHENRY 
(From the School of Hygiene, University of Toronto, Toronto, Canada) 


(Received for publication, October 2, 1939) 


Previous work has shown that rice polish concentrate, used as 
a dietary supplement in conjunction with thiamine and riboflavin, 
caused a marked increase in the body fat of rats (1). Bender 
and Supplee (2) found that, under such conditions, this concen- 
trate had a supplemental effect upon body weight. They cor- 
related the weight changes with the presence or absence of 
dermatitis, interpreting their results to mean that the factor in 
rice polish concentrate affecting growth was vitamin Bs. When 
crystalline vitamin B. became available, it was possible to deter- 
mine whether this factor influenced weight and body fat in rats. 


Methods 


Young white rats of the Wistar strain, reared in the Connaught 
Laboratories colony, were employed. They were kept in in- 
dividual screen bottom cages with water freely available. The 
animals were weighed daily. Groups of ten rats, five male and 
five female, were used and, unless otherwise stated, all results 
given are averages for such groups. 

The rats were fed basal diets devoid of the vitamin B complex, 
low in choline, which is known to exert a marked influence upon 
liver fat, and low in casein because of the lipotropic action of this 
protein. The composition of the basal diets is given in Table I. 
After a 3 week depletion period the following supplements, dis- 
solved in normal saline solution, were injected subcutaneously for 
a period of 1 week: thiamine hydrochloride (Merck) 12.5 micro- 
grams, riboflavin (Hoffmann-La Roche) 10.0 micrograms, nico- 
tinic acid (Eastman Kodak Company) 0.1 mg., vitamin Bs (kindly 
donated by Merck and Company and by E. R. Squibb and Sons) 
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20 micrograms, choline (British Drug Houses) 10 mg. per rat per 
day. Extensive work in this laboratory has shown that all of 
these supplements have the same effect when injected as when 
given by mouth. 

The animals were killed by stunning, the livers removed, and 
the total crude fatty acids in the bodies determined according to 
the method previously published (1). Owing to the much smaller 
amount of tissue in the liver, certain modifications of this method 
were made. The liver from each animal was placed in a tared 
200 cc. round bottom flask with an extended neck, and the flask 
reweighed. To each were added 15 cc. of 60 per cent potassium 
hydroxide solution. The flasks were heated on a boiling water 
bath for 45 minutes. The flasks were removed from the bath 


TaBLe I 
Composition of Basal Diets 














Constituent Diet 1 Diet 2 

per cent per cent 
Casein (Labco vitamin-free)....................| 10 | 10 
eo a Sede dwadicdwatele bes 84 | 54 
EE Lids ata behave dad eawachinge ces 0 | 30 
Salt mixture (Steenbock-Nelson Salts 40 (3))... 4 4 
ee) ee es re 2 2 

Cod liver oil concentrate....................... | 0.015 0.015 








and 15 ce. of 95 per cent ethyl alcohol were added to each. After 
a reflux condenser was attached, the flask was reheated for 1 hour. 
The condenser was then removed and heating continued until the 
alcohol was evaporated. To each was added sufficient 40 per cent 
sulfuric acid solution to make the contents acid to litmus. The 
flasks were chilled and to each were added 25 cc. of petroleum 
ether and sufficient water to make the total volume 200 cc. From 
this point the procedure was the same as that used for the bodies. 


EXPERIMENTAL 


Series I—This experiment was designed to determine whether 
vitamin B, caused changes in body weight and in liver and body 
fat when supplied alone or in conjunction with various combina- 
tions of some of the known factors of the vitamin B complex and 
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with choline. The rats were fed a fat-free basal ration (Diet 1) 
ad libitum for 3 weeks, after which all groups, except one reserved 
as a control, received supplements and the same basal diet for 1 


Tasie II 
Effects of V itamin B | Supplements after Depletion Period 














Aver- 

a Totty sold 
Series No. Supplements | ealehs iain 
=> badly tine 
| om. | Bu | Sm 
I, Fat- None, 3 wks. depletion............... me 0/| 2.9) 7.8 
free | “¢ end of experiment...................-- | —10 |} 1.9) 3.6 
diet , Vitamin B, he ear || —8/1.8] 2.8 
ha. een oe oe | +5/ 3.6! 7.7 
- + vitamin Be...... Lecccevcececel Sn ae 
> hein: i. a. in eae 
| “ + ‘* + vitamin Bs............| +3 | 3.4] 3.0 
*: + “ + Gavin........:.-0.-508) a Lo SS 
} « 4 «© 4 & + vitamin By...| +13] 6.1] 4.1 
| Choline + vitamin By............... | —8} 2.0] 2.5 
II. Fat- | None, 3 wks. depletion Ma | 0/1.7| 3.2 
free Nieotings agi@s: £55.05. 288). eeeell —11/) 1.5) 2.5 
diet a ee ee ...| $4/3.9] 8.2 
sas + nicotinic acid Ses (f. 
- Ms GEIR «wins o « uc xcicreniaiceice Da 4.2} 3.1 
| - . alike ke nicotinic acid | + 4.3 2.7 
7 + “+ flavin... . | a 4.3 | 3.6 
ate. Le eagle + nicotinic acid., +8 | 4.5) 3.0 
25 + “* + “ + vitamin Bs...) +12 | 4.8) 3.3 

‘“ + ““ + oo “ ‘ + 
| nicotinic acid +12 | 5.6} 3.6 
III. High| None.................... .....| —5| 3.2] 6.0 
fat diet | Thiamine.................. ...| $7 | 7.8 |15.0 
™ + choline............. | +7)6.8) 4.5 
sa + vitamin B,..... hel | +8 6.9 (18.7 
= + 7 a 2 choline nie +8 | 6.0} 4.8 











week. The average weight of the rats decreased from 96 to 71 
gm. during the depletion period. The weight changes during the 
supplement period and the total crude fatty acids in the liver and 
body at the end of the experiment are given in Table II. 
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Series II—In this series the effect. of nicotinic acid upon liver 
and body fat was investigated. It was employed because it is a 
constituent of the rice polish concentrate which we previously 
used. Nicotinic acid was given alone and with various combina- 
tions of other B vitamins and choline. The method used was the 
same as in Series I. 

Series II[I—As a supplement to a diet free from fat and choline, 
thiamine will produce a greater than normal amount of fat in the 
liver (Series 1). A high fat diet free from choline and supple- 
mented with thiamine yields a still higher value for liver fat (4). 
In a study of vitamin Bs deficiency in rats Halliday (5) found 
significantly heavier livers containing a higher percentage of total 
fatty acids in the deficient animals. The addition of choline 
remedied this condition to a large extent but even massive doses 
failed to bring the liver weight and total fatty acid content quite 
to normal. Series III was designed to show whether choline plus 
vitamin Bs was more effective than choline alone in producing a 
normal amount of liver fat in rats receiving a high fat diet. The 
rats were depleted of their body stores of the vitamin B complex 
by feeding Diet 1 for 3 weeks. During the subsequent supple- 
ment period of 1 week Diet 2, containing 30 per cent triolein, 
was fed. Groups of twenty rats were used. 


DISCUSSION 


In Series I and II previous reports of the synthesis of fat from 
carbohydrate when thiamine was the only supplement were con- 
firmed. Vitamin Bs in conjunction with thiamine, choline, or the 
two together had no effect upon the amount of liver or body fat. 
When vitamin Bs, was combined with thiamine, choline, and 
riboflavin, the percentage of fat in the body was raised and the 
body weight was increased. Since we have been unable to deter- 
mine the amount of vitamin B, present in the rice polish concen- 
trate used in earlier work, we have been unable to compare the 
effects of the concentrate and of pure vitamin Bs. In Series II 
nicotinic acid had no consistent effect upon liver fat but had some 
effect in increasing body fat. Body weight was not altered by this 
substance. 

In all three series, when choline was included as a supplement, 
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the percentage of fat in the liver was normal. This would indicate 
that choline was able to control the level of liver fat whether fat 
was supplied in the diet or whether it was formed by synthesis 
from carbohydrate when thiamine was furnished. The adminis- 
tration of vitamin Bs with thiamine, in the absence of choline, 
has in no case resulted in a lowering of the high liver fat values 
ordinarily obtained with thiamine alone. In combination with 
choline, vitamin Bs has apparently exerted no supplementary 
effect upon liver fat. These experiments offer no explanation for 
Halliday’s finding that, in vitamin Be-deficient rats, choline did 
not reduce the liver fat to normal. 

In a recent paper Hastings, Muss, and Bessey (6) noted a de- 
crease in liver metabolism associated with fatty infiltration when 
rats were kept on a basal diet without added yeast extract. When 
yeast extract was administered, neither effect was evident. The 
basal diet used by these workers would have been practically free 
of choline. The yeast extract, as prepared by them, would have 
contained a considerable amount of choline. The presence of 
choline would offer a possible explanation for the ability of yeast 
extract to prevent the development of fatty livers. 

Gyorgy and Goldblatt (7) have reported liver injury occurring 
in some rats kept on a diet deficient in the vitamin B complex and 
supplemented with thiamine, riboflavin, and a purified vitamin Be 
preparation. Here, again, the absence of choline in the basal diet 
and its presence in the two preventive substances, yeast and 
Peters’ eluate fraction of yeast, may be significant. 


SUMMARY 


1. The administration of vitamin Bs in conjunction with thi- 
amine, riboflavin, and choline to rats fed a fat-free diet causes a 
slight increase in body fat and an increase in body weight. 

2. Nicotinic acid slightly augments the effect of vitamin Bs upon 
body fat but not upon body weight. 

3. Neither vitamin Bg, nicotinic acid, nor riboflavin will prevent 
the deposition of fat in the liver which results when thiamine is 
administered. The amount of liver fat is normal if choline is 
administered, either alone or with any combination of the above 
factors. 
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THERMODYNAMIC PROPERTIES OF SOLUTIONS OF 
AMINO ACIDS AND RELATED SUBSTANCES 


IV. THE EFFECT OF INCREASING DIPOLAR DISTANCE ON THE 
ACTIVITIES OF ALIPHATIC AMINO ACIDS IN AQUEOUS 
SOLUTION AT TWENTY-FIVE DEGREES* 


By ELIZABETH R. B. SMITHfT ann PAUL K. SMITH 


(From the Laboratories of Physiology and of Pharmacology and Tozicology, 
Yale University School of Medicine, New Haven) 


(Received for publication, October 26, 1939) 


This report, the fourth from an extended study of the thermo- 
dynamic properties of amino acids and related compounds, in- 
cludes the osmotic and the activity coefficients, in aqueous solu- 
tion at 25°, of #-alanine, dl-8-amino-n-butyric acid, y-amino- 
butyric acid, dl-8-amino-n-valeric acid, dl-y-amino-n-valeric 
acid, and of e-aminocaproic acid. 


Method and Materials 


The method was the same as that employed in the determina- 
tion of the activities of the amino acids previously reported (13, 
14). The vapor pressures of the amino acid solutions were 
measured by the isopiestic technique described by Robinson and 
Sinclair (10). Sucrose was used as the reference standard. 

The amino acids employed were recrystallized three to four 
times from water or water-alcohol mixtures. Their purity was 
checked by determination of the nitrogen content by a modified 
Kjeldahl method (7) or by repeated determinations of the solu- 
bility by a method employed in earlier studies. 

Sucrose--The sucrose was a standard sample purchased from 
the Bureau of Standards. 

8-Alanine--Purchased from the Department of Chemistry, 


* Aided by a grant from the Fluid Research Fund of Yale University 
School of Medicine. 
t Honorary Fellow in Physiology, 1933-39. 
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University of Illinois. Solubility, 878.9 and 876.2 gm. per 1000 
gm. of water. 

dl-B-Amino-n-Butyric Acid—Purchased from the Department 
of Chemistry, University of Illinois. Nitrogen calculated, 13.6 
per cent; found, 13.7. 

y-Aminobutyric Acid—Purchased from the Department of 
Chemistry, University of Illinois. Nitrogen calculated, 13.6 
per cent; found, 13.0. 

dl-8-Amino-n-Valeric Acid—Purchased from the Department 
of Chemistry, University of Illinois. Nitrogen calculated, 12.0 
per cent; found, 11.8. 

dl-y-Amino-n-Valeric Acid—Purchased from the Department 
of Chemistry, University of Illinois. Nitrogen calculated, 12.0 
per cent; found, 12.0. 

e«-Aminocaproic Acid—Purchased from the Department of 
Chemistry, University of Illinois. Solubility, 890.5 and 894.7 gm. 
per 1000 gm. of water. 

Sucrose Standard—In an earlier communication (13) it was 
stated that the osmotic coefficients for sucrose might require 
revision as more data appeared. Such a recalculation has now 
been made on the basis of the activity coefficients of potassium 
chloride as determined by Harned and Cook (6) and by Shedlovsky 
and MacInnes (12), using the isopiestic data on the ratio of sucrose 
to potassium chloride as determined by Robinson and Sinclair 
(10), Seatchard, Hamer, and Wood (11), and from certain meas- 
urements made in this laboratory. These three groups of deter- 
minations are in excellent agreement; hence the data from this 
laboratory are not given in detail. The osmotic coefficients of 
potassium chloride were estimated from the activity coefficients 
by graphical integration, and from these values and the isopiestic 
ratios the osmotic coefficients of sucrose were calculated. These 
values, represented by the equation ¢ = 1 + 0.084m + 0.0104m? 
—0.00237m*? + 0.000115m*, are used in interpreting the data 
contained in this paper. 


Results 


The isopiestic molalities of the sucrose and amino acids are 
given in Table I. Large scale plots were made of the isopiestic 
ratios of the sucrose and amino acids, ms/m,, against ms and 
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TaBLeE | 
Concentrations, in Moles per 1000 Gm. of Water, of Isopiestic Solutions of 
Sucrose and Amino Acids at 25° 

™"s | ™4 | @™ | 4 ms mA 

6-Alanine 0.2153 | 0.2202 | 1.022 | 1.117 | 3.867 | 4.669 
0.2631 | 0.2691 | 1.005 | 1.205 | 4.075 | 4.912 

0.2953 | 0.3082 | 1.176 | 1.305 | 4.191 | 5.060 

0.3351 | 0.3464 | 1.264 | 1.402 | 4.386 | 5.299 

0.3414 | 0.3582 | 1.427 | 1.600 | 4.537 | 5.481 

0.3696 | 0.3823 | 1.614 | 1.825 | 4.842 | 5.862 

0.4075 | 0.4239 | 1.718 | 1.965 | 5.082 | 6.155 
0.4459 | 0.4659 | 2.194 | 2.549 | 5.280 | 6.389 

0.4767 | 0.4954 | 2.518 | 2.940 | 5.398 | 6.536 

0.506 | 0.530 | 2.621 | 3.004 | 5.502 6.664 

0.518 | 0.546 | 2.641 | 3.095 | 5.767 6.974 

0.562 | 0.503 | 2.670 | 3.164 | 5.774 | 7.009 

| 0.596 | 0.630 | 2.902 | 3.455 | 5.860 | 7.085 

0.607 | 0.642 | 3.145 | 3.756 | 6.177 | 7.465 

0.617 | 0.655 | 3.354 | 4.013 | 6.245 | 7.544 

di-8-Amino-n- | 0.2482 | 0.2530 | 1.247 | 1.329 | 3.270 | 3.678 
butyrie acid 0.2639 | 0.2707 | 1.337 | 1.437 | 3.374 | 3.804 
| 0.2760 | 0.2817 | 1.451 | 1.567 | 3.433 | 3.805 

| 0.2983 | 0.3011 | 1.728 | 1.880 | 3.573 | 4.029 

_ 0.3037 | 0.3107 | 1.768 | 1.929 | 3.784 | 4.295 

| 0.3376 | 0.3476 | 1.841 | 2.014 | 3.844 | 4.362 

| 0.3715 | 0.3833 | 1.895 | 2.077 | 3.947 | 4.480 

0.3940 | 0.4064 | 1.952 | 2.142 | 4.066 | 4.624 

| 0.4219 | 0.4372 | 2.057 | 2.266 | 4.144 | 4.711 

0.4401 | 0.4552 | 2.109 | 2.329 | 4.323 | 4.927 

| 0.4929 | 0.5002 | 2.158 | 2.385 | 4.468 | 5.101 

0.579 | 0.602 | 2.263 | 2.507 | 4.581 | 5.232 

0.631 | 0.657 | 2.446 | 2.722 | 4.722 | 5.402 

0.727 | 0.761 | 2.536 | 2.833 | 4.895 | 5.598 

| 0.737. | 0.770 | 2.587 | 2.829 | 5.018 | 5.760 

0.779 | 0.818 | 2.765 | 3.102 | 5.210 | 5.973 

0.820 | 0.869 2.880 | 3.239 | 5.850 | 6.739 

0.917 | 0.966 | 2.948 | 3.317 | 6.094 | 7.018 

1.033 | 1.094 | 3.015 | 3.307 | 6.427 | 7.409 

1.123 | 1.192 | 3.111 | 3.513 | 6.830 | 7.874 

di-g-Amino-n- | 0.2122 | 0.2141 | 1.247 | 1.208 2.969 | (8.247 
valerie acid 0.2503 | 0.2527 | 1.304 1.369 3.111 | 3.412 
0.3087 | 0.3076 | 1.402 | 1.469 | 3.333 | 3.673 

| 0.3840 | 0.3890 | 1.589 | 1.673 | 3.432 | 3.784 

| 0.4426 | 0.4477 | 1.745 | 1.862 | 3.546 | 3.924 
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50 Activity of Amino Acids 
TasB_e I—Continued 
| ms mA ms 
dl-8-Amino-n- 0.4489 0.4563 1.841 
valeric acid— 0.531 0.543 1.977 
concluded 0.535 0.545 2.005 
| 0.626 0.637 2.109 
| 0.779 | 0.798 2.263 
| 0.876 0.910 2.490 
0.960 1.000 2.536 
| 1.0384 1.068 2.727 
| 1.1038 | 1.150 | 2.886 
y-Amino-n- | 0.2523 0.2632 | 0.916 
butyric acid | 0.2549 0.2635 | 1.033 
0.2884 | 0.3017 | 1.128 
| 0.2927 | 0.3033 | 1.247 
| 0.3481 | 0.3653 | 1.365 
| 0.3485 | 0.3641 | 1.400 
| 0.3496 | 0.3686 | 1.589 
0.3924 | 0.4120 | 1.728 
0.4041 0.4269 | 1.872 
0.4261 | 0.4500 | 1.909 
0.4489 | 0.4772 | 2.057 
0.4998 | 0.530 2.265 
0.508 | 0.543 | 2.446 
(0.526 (0.561 2.765 
| 0.637 | (0.684 2.853 
(0.771 «(0.838 2.969 
| 0.784 | (0.849 3.069 
| 0.810 0.881 3.111 
di-y-Amino-n- | 0.2126 | 0.2173 | 1.451 
valeric acid | 0.2308 0.2359 1.745 
| 0.3202 | 0.3288 1.802 
0.3924 0.4072 | 1.977 
| 0.4542 0.4717 = 2.005 
(0.4771 | 0.4965 | 2.158 
0.517 (0.540 2.260 
| 0.576 | 0.603 | 2.343 
0.646 0.680 2.446 
0.685 0.719 2.556 
| 0.745 | (0.783 2.765 
| 0.800 0.848 2.772 
| 0.876 0.926 2.853 
0.931 0.988 2.866 
(1.054 | s-1.126 3.096 
1 1.1038 | 


1.180 
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Tape I—Concluded 

«Aminocaproic | 0.2152 | 0.2236 | 1.433 | 1.565 | 8.661 | 3.987 

acid 0.2401 | 0.2512 | 1.502 | 1.642 | 3.867 | 4.221 

0.3178 | 0.3338 | 1.614 | 1.764 | 4.075 | 4.446 

| 0.3764 | 0.3000 | 1.783 | 1.950 | 4.212 | 4.596 

0.4075 | 0.4329 | 2.035 | 2.229 4.318 | 4.706 

0.4755 | 0.505 | 2.195 | 2.399 | 4.537 | 4.946 

0.534 | 0.872 | 2.446 | 2.678 | 4.842 | 5.284 

0.583 | 0.628 | 2.510 | 2.730 | 4.850 | 5.277 

0.631 | 0.681 | 2.621 | 2.863 | 5.082 | 5.538 

| 0.662 | 0.714 | 2.641 | 2.879 | 5.155 | 5.612 

| 0.821 | 0.890 | 2.902 | 3.170 | 5.308 | 5.892 

0.896 | 0.975 | 3.087 | 3.369 | 5.657 | 6.168 

0.966 | 1.051 | 3.145 | 3.487 | 5.902 | 6.543 

1.264 | 1.377 | 3.381 | 3.686 | 6.177 | 6.735 

| 1.344 | 1.470 | 3.539 | 3.968 | 6.245 | 6.814 
LO 
105 

| 
uw 10 2.0 30 


Fig. 1. Curve 1, dl-a-alanine, Curve 2, 8-alanine, Curve 3, dl-a-amino- 
n-butyric acid, Curve 4, dl-8-aminobutyric acid, Curve 5, y-aminobutyric 
acid, Curve 6, dl-a-amino-n-valeric acid, Curve 7, dl-8-amino-n-valeric 
acid, Curve 8, dl-y-amino-n-valeric acid, Curve 9, e-aminocaproic acid. 
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smooth curves were drawn through the points. The results were 
usually consistent within +0.003 in the ratio, ms/ma. 

Since the activity of water in the sucrose and in the amino acid 
solutions is the same at equilibrium, the osmotic coefficients of the 
amino acid solutions, g,, may be calculated from the relation 


ga = ¢s(ms/ma). 























TaBLe II 
Activity Coefficients 

m | eataine | *batqe” | gcaniog | use |AucAniag | sami 
0.2 | 0.904 | 1.006 | 1.016 | 0.983 | 1.001 | 0.971 
0.5 0.988 | 1.019 | 1.044 | 0.966 | 1.009 | 0.951 
0.7 0.987 | 1.029 | 1.064 | 0.961 | 1.018 | 0.946 
1.0 0.988 | 1.049 | 1.095 | 0.960 | 1.037 | 0.942 
12 0.991 1.064 | 1.118 0.964 | 0.964 
1.5 1.000 | 1.089 | 1.154 | 0.975 | 1.079 | 1.002 
2.0 1.016 | 1.138 | 1.218 | 1.006 | 1.133 | 1.072 
2.5 1.042 | 1.193 | 1.289 | 1.050 | 1.199 | 1.140 
3.0 1.073 | 1.254 | 1.364 | 1.104 | 1.273 | 1.208 
3.5 | 1.109 | 1.319 | 1.443 | 1.165 | 1.355 | 1.2m, 
4.0 1.149 | 1.388 | 1.523 | 1.230 | 1.440 | 1.390 
5.0 1.239 | 1.525 | 1.681 | 1.374 | 1.622 | 1.436 
6.0 1.339 | 1.662 | 1.818 | 1.506 | 1.812 | 1.517 
6.5 | 1.870 | 1.575 | 1.556 
7.0 1.445 | 1.790 | | | 2.014 








The results are shown in Fig. 1. The osmotic coefficients, 
except those of eaminocaproic acid, are represented, usually 
within +0.001, by the following empirical equations. 


B-Alanine—g, = 1 — 0.018985m + 0.019307m? — 0.002431m* + 0.000109m* 

dl-8-A mino-n-Butyric acid—g, = 1 + 0.008244m + 0.02395m? — 0.00503m 
+ 0.0003335m4 

dl-8-Amino-n-Valeric Acid—g, = 1 + 0.0579m — 0.002374m? + 0.000775m® 
— 0.000102m+4 

y-Aminobutyric Acid—g, = 1 — 0.0402m + 0.04616m? — 0.00725m' 
+ 0.000375m* 

dl-y-Amino-n-Valeric Acid—g, = 1 — 0.000675m + 0.02885m? — 0.0047m! 
+ 0.000246m‘4 


By use of the empirical equations for the osmotic coefficients, 
ga = 1 + am + bm? + cm'® + dm, where a may be positive or 


oe 
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negative, and b, c, and d may be positive, negative, or 0, the activ- 
ity coefficients were calculated from the equation 


2.3026 log y = 2am + 3/2 bm? + 4/3 cm*® + 5/4 cm* 


Since the osmotic coefficients of eaminocaproic acid were not 
represented by an equation, the activity coefficients of this amino 
acid were obtained by graphical integration. Table II is a sum- 
mary of these data. 


DISCUSSION 


In the earlier studies of this series (13, 14) it was shown that the 
osmotic coefficients of the a-amino acids usually increased with 
each additional methylene group. This was probably not due to 
a change in electrical properties, since the dielectric constants of 
aqueous solutions of a-amino acids are nearly the same, increasing 
linearly with the concentration per liter of solution (15). How- 
ever, inspection of Fig. 1 shows that there is considerable difference 
in the osmotic coefficients of amino acids of the same empirical 
formula. Such differences are probably related to differences in 
dipole distance; 7. e., the distance between the two charged groups 
of the amino acid in the zwitter ion form. In general the larger 
the dipole moment the lower the osmotic coefficient. This is 
opposite in effect to increasing the length of the carbon chain. 

Cohn, McMeekin, Ferry, and Blanchard have recently related 
the activity coefficients of certain amino acids to the change in 
dielectric constant of their solutions (3). Their plot of —log y/C 
against the ratio of the dielectric constant of the solvent to that of 
the dielectric constants of the solutions, Do/D, shows a straight 
line relationship despite the widely varying activities of the sub- 
stances studied. Similar relationships have been calculated for 
the amino acids reported here and the results are shown in Fig. 2. 
The values for the a-amino acids are plotted for comparison. 

From the values of —log y/C at Do/D = 1 the relationships 
shown in Table III appear. The values for this function decrease 
with an increase in length of the carbon chain and increase with 
an increase in dipole moment. Cohn, McMeekin, Edsall, and 
Weare (2) and McMeekin, Cohn, and Weare (9) have studied the 
activities of some of these amino acids by comparing the solubility 
in water to that in certain organic solvents. Some of these results, 
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Fig. 2. Curve 1, dl-a-alanine, Curve 2, 8-alanine, Curve 3, dl-a-amino- 
n-butyric acid, Curve 4, dl-8-aminobutyric acid, Curve 5, y-aminobutyric 
acid, Curve 6, dl-a-amino-n-valeric acid, Curve 7, dl-8-amino-n-valeric 
acid, Curve 8, dl-y-amino-n-valeric acid, Curve 9, e-aminocaproic acid. 
The values of Dy and those of D for Curves | to 4, 6, 8, and 9 are from Wyman 
and MeMeekin (16), while those for Curve 5 are from Devoto (5) and those 
of Curve 7 are assumed to be the same as those for Curve 4. The partial 
molal volumes used in calculating C from m for Curves | to 4 and 9 are from 
Daniel and Cohn (4), those for Curve 8 from Cohn et al. (1), and those for 
Curves 5 to 7 were estimated to be 72.1, 92.7, and 92.7 respectively. 





















































TaBe III 
Functions Derived from Change of Activity Coefficient with Concentration 
and Solvent 
—Log y ,, Do _ toe VAT 
NCH: — mat Y 
a 8 Y € a 8 | Y | € 
0 0.096 3.391 
1 —0.005 0.015 2.856, 3.139 
2 | —0.033} —0.011; 0.043 2.375 
3 —0.041) —0.035; —0.001 
4 0.079 1.414 2.972 
Kp K,° 
0 | 0.092 | —0.004 | 
1 0.010; 0.022 0.015) 0.007 
2 0.016 0.024 0.046 0.049; 0.035 | 0.003 
3 0.000, 0.012; 0.018 0.042) 0.047 | 0.019 
4 | | 0.098 0.019 








t These values are from solubility measurements in alcohol and water 
at 25° (2, 9). 
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expressed as the negative logarithm of the ratio of the solubility 
in mole fractions in alcohol to that in water, —log N4/No, are 
given in Table III. It is evident that log N4/No varies with the 
length of the carbon chain and with dipolar distance in the same 
way that log y/C does. 

The values of —log y/C for the a-amino acids varied linearly 
with D,/D (3) and it was possible to estimate approximate inter- 
action constants from the equation —log y/C = Kx*(Do/D)— 
K,*, in which the salting-in constant, K,*, is the slope of the line 
and K,*, the salting-out constant, is the intercept. In the appli- 
cation of these equations to the present data, since the curves are 
not straight lines, it was necessary to use the slopes obtained from 
the measurements in dilute solutions. The values for the con- 
stants thus obtained are given in Table III. The values for salting- 
in constants increase with increase in dipole moment and in general 
decrease with increase in length of carbon chain, while those for 
the salting-out constant usually decrease with increase in dipole 
moment and increase with length of carbon chain. 

The possible reasons for the curvature of the lines in Fig. 2 
are several. Whereas straight lines were obtained for amino acids 
previously studied (15), it was recognized that the relationship was 
semiempirical and did not agree with the theoretical treatment 
(3). The measurements extend to much lower values of Do/D 
than did the earlier measurements (3). The calculation is based 
on the assumption that dielectric constant increment is linear even 
at high concentrations (15), although actual experimental meas- 
urements at even moderate concentrations are lacking for most 
of these compounds (15, 16). In some cases it is assumed that 
the apparent molal volumes used in the estimation of C from m 
are the same at high concentrations as at the low concentrations 
at which they were measured. 


The authors are indebted to Professor Edwin J. Cohn, of the 
Harvard Medical School, for many helpful suggestions in interpret- 


1 The values for —log f/C are smaller than those for —log y/C by an 
appreciable but almost constant amount (approximately 0.009 up to 5 m 
for the substances studied in the present investigation) and may be cal- 
culated from the relation derived from that given by MacInnes (8), f = 
y(1 + 0.001mM,), where f is the activity coefficient on a mole fraction basis, 
m = molality of solute, and M, = molecular weight of solvent. 
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ing their results and to Professor David I. Hitchcock for valuable 
criticisms. 


SUMMARY 


Isopiestic vapor pressure measurements have been made at 
25° of aqueous solutions of the following amino acids: f-alanine, 
dl-8-aminobutyrie acid, dl-8-aminovaleric acid, y-aminobutyric 
acid, dl-y-amino-n-valeric acid, and eaminocaproic acid. 

The osmotic coefficients and activity coefficients of these amino 
acids have been calculated. 

Certain relationships between the activity coefficients and the 
dielectric constants of their solutions have been discussed. 
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THERMODYNAMIC PROPERTIES OF SOLUTIONS OF 
AMINO ACIDS AND RELATED SUBSTANCES 


V. THE ACTIVITIES OF SOME HYDROXY- AND N-METHYLAMINO 
ACIDS AND PROLINE IN AQUEOUS SOLUTION AT TWENTY- 
FIVE DEGREES* 


By PAUL K. SMITH anp ELIZABETH R. B. SMITHT 


(From the Laboratories of Pharmacology and Toxicology and of Physiology, 
Yale University School of Medicine, New Haven) 


(Received for publication, October 26, 1939) 


This report is of the determination by an isopiestic method of 
the osmotic and activity coefficients of dl-proline, l-hydroxy- 
proline, dil-serine, dl-threonine, sarcosine, and of betaine in aque- 
ous solution at 25°. 


Method and Materials 


The method was the same as that employed in previous studies 
(11-13), and consisted in measuring the vapor pressures of the 
amino acid solutions by the isopiestic technique of Robinson and 
Sinclair (10) with sucrose as the reference standard. With the 
exception of betaine the amino acids were recrystallized three to 
four times from water or water-alcohol mixtures. The betaine 
was prepared from betaine chloride and recrystallized from an- 
hydrous methyl alcohol and ethyl ether. Their purity was 
checked either by determination of the nitrogen content or by 
determinations of the solubility in successive portions of the 
solvent. 

Sucrose—The sucrose was a standard sample purchased from 
the Bureau of Standards. 

dl-Proline—Purchased from Hoffmann-La Roche, Inc. Nitrogen 
calculated, 12.2 per cent; found, 12.6. 


* Aided by a grant from the Fluid Research Fund of Yale University 
School of Medicine. 
t Honorary Fellow in Physiology, 1933-39. 
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Concentration, in Moles per 1000 Gm. of Water, of Isopiestic Solutions of 
Sucrose and Amino Acids 
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TaBLe I—Concluded 





J ~ ee —_$$___— — —— 


























ms | mA ms | mas j ms | mA 
Sarcosine 0.2482 | 0.2528 | 1.433 | 1.572 | 3.512 | 4.082 
| 0.3367 | 0.3449 | 1.502 | 1.649 | 3.661 | 4.276 
0.3888 | 0.3004 | 1.783 | 1.986 | 3.777 | 4.422 
0.4205 | 0.4341 | 1.900 | 2.114 | 4.212 | 4.951 

| 0.4214 | 0.4364 | 1.909 | 2.136 | 4.318 | 5.084 
0.518 | 0.539 | 2.0385 | 2.289 4.386 | 5.158 
0.552 | 0.574 | 2.179 | 2.458 | 4.842 | 5.723 
0.609 | 0.635 | 2.265 | 2.567 | 4.850 | 5.726 
0.678 | 0.710 | 2.431 | 2.769 | 5.155 | 6.093 
0.703 | 0.741 | 2.579 2.949 5.280 | 6.240 
0.772 | 0.816 | 2.630 | 3.014 5.398 | 6.385 
0.896 | 0.956 | 2.727 | 3.119 | 5.502 | 6.517 
1.043 | 1.116 | 2.901 | 3.344 | 5.767 | 6.810 
1.100 | 1.182 | 3.069 | 3.563 | 5.992 | 7.055 

| 1.244 | 1.346 | 3.254 | 3.776 | 6.177 | 7.296 
1.306 | 1.415 | 3.381 | 3.935 | 6.245 | 7.544 
Betaine | 0.2584 | 0.2515 | 1.502 1.391 | 3.254 | 2.920 
0.3449 0.3352 | 1.783 | 1.646 | 3.354 | 3.009 
0.3993 | 0.3878 | 1.900 | 1.747 | 3.381 | 3.026 
0.583 | 0.560 | 1.943 | 1.787 | 3.512 | 3.142 
0.506 | 0.572 | 2.037 | 1.862 | 3.539 | 3.165 
0.631 | 0.604 | 2.179 | 1.996 | 3.801 | 3.383 

| 0.686 | 0.653 | 2.446 | 2.233 | 3.867 | 3.432 
0.703 0.672 | 2.457 | 2.244 | 4.191 | 3.695 
0.984 0.925 | 2.510 | 2.282 | 4.318 /3.800 
1.050 | 0.991 | 2.621 | 2.381 | 4.850 | 4.216 
1.239 © 1.154 | 2.727 | 2.468 | 5.082 | 4.413 
1.306 1.218 | 2.902 | 2.623 | 5.155 | 4.467 
1.422 | 1.323 | 3.069 | 2.770 | 5.774 | 4.941 











l-Hydroxyproline—Purchased from Hoffmann-La Roche, Inc. 
Nitrogen calculated, 10.7 per cent; found, 10.8. 

dl-Serine—Purchased from Amino Acid Manufactures. Solu- 
bility, 0.491 and 0.489 mole per 1000 gm. of water. 

dl-Threonine—Purchased from the Department of Chemistry, 
University of Illinois. Solubility, 201.0 and 201.5 gm. per 1000 
gm. of water. 

Sarcosine—-Purchased from Hoffmann-La Roche, Inc. Solu- 
bility, 18.46 and 18.43 moles per 1000 gm. of water. 

Betaine—Prepared from betaine chloride purchased from the 
Eastman Kodak Company. Nitrogen calculated, 11.89 per cent; 
found 11.75. 
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It was assumed that the values of the osmotic coefficients of the 
sucrose used as the reference standard could be represented by 
the equation 


¢ = 1 + 0.084m + 0.0104m? — 0.00237m* + 0.000115m‘* 
Results 


The isopiestic molalities of the sucrose and amino acids are 
given in Table I. Smoothed values of ms/m, were used in the 


r i 
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Fig. 1. Curve 1, dl-alanine, Curve 2, sarcosine, Curve 3, dl-serine, Curve 
4, dl-a-amino-n-butyric acid, Curve 5, dl-threonine, Curve 6, dl-a-amino-n- 
valerie acid, Curve 7, betaine, Curve 8, proline, Curve 9, hydroxyproline. 


calculation of the osmotic coefficients from the relation g, = 
¢s(ms/ma). 

The results are shown in Fig. 1 and are represented, usually 
within +0.001, by the following equations. 


dl-Proline—g, = 1 + 0.04635m — 0.002009m? + 0.001646m* — 0.0001904m‘ 
l-Hydrozyproline—g, = 1 + 0.0007326m + 0.0044m? — 0.0001656m'* 
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dl-Serine—g,4 = 1 — 0.0854m — 0.0505m? + 0.0425m? 

dl-Threonine—g, = 1 — 0.0323m + 0.0185m? — 0.0038m* 

Sarcosine—g,4 = 1 + 0.008847m + 0.009898m? — 0.0007366m* — 0.000009m* 
Betaine—g¢, = 1 + 0.17277m — 0.05794m? + 0.0005224m* — 0.0000341m* 


The activity coefficients were calculated from these equations 
as described in the previous paper (12). These data are summa- 
rized in Table II. 


Tasie II 
Activity Coefficients 


























m | di-Serine | 7,2... | dl-Proline proline | Sarcosine | Betaine 
0.2 | 0.964 0.988 1.019 | 1.001 | 1.004 | 1.071 
0.3 | 0.945 0.983 1.028 | 1.001 | 1.006 | 1.108 
0.5 | 0.907 0.974 1.047 | 1.002 1.012 | 1.186 
0.7 | 0.967 1.068 | 1.003 1.020 1.269 
1.0 | 0.959 | 1.096 1.007 1.032 1.403 
1.2 | 0.955 | 1.010 1.042 1.499 
1.5 0.950 | 1.148 1.015 1.059 1.654 
2.0 | 0.943 1.206 1.026 1.091 1.945 
2.3 | 1.034 
2.5 | | 1.269 1.128 2.282 
3.0 | (1.338 1.173 2.672 
3.5 1.406 1.221 3.091 
4.0 | 1.495 1.275 | 3.643 
5.0 | 1.672 1.391 3.933 
6.0 | 1.828 1.513 
7.0 | 1.979 1.627 
7.3 | | 2.002 

DISCUSSION 


The substitution of the strongly polar hydroxyl group in the 
hydrocarbon chain depresses considerably the values for the 
osmotic coefficients (compare serine with alanine, threonine with 
a-amino-n-butyric acid, and hydroxyproline with proline). The 
amino acids in which methyl] groups were attached to the nitrogen 
have much higher osmotic coefficients than do their analogues 
with straight hydrocarbon chains (compare sarcosine with alanine 
and betaine with a-amino-n-valeric acid). 

A plot of —log y/C against the ratio of the dielectric constant 
of the solvent to that of the solutions, Do/D (the relationship 
suggested by Cohn, McMeekin, Ferry, and Blanchard (3)), gives 
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lines that are either straight or have very little curvature (Fig. 2), 
The values of —log y/C at infinite dilution are given in Table III, 
along with those for —log N4/No derived from solubility measure- 
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Fie. 2. Curve 1, dl-alanine, Curve 2, sarcosine, Curve 3, dl-serine, Curve 
4, dl-a-amino-n-butyric acid, Curve 5, dl-threonine, Curve 6, dl-a-amino-n- 
valeric acid, Curve 7, betaine, Curve 8, di-proline, Curve 9, l-hydroxy- 
proline. The values for Do and of D for Curves 1, 4, and 6 are from Wyman 
and McMeekin (15), those for Curve 2 from Devoto (5), those for Curve 7 
from Edsall and Wyman (7), those for Curves 8 and 9 from Lindquist and 
Schmidt (9), while those for Curves 3 and 5 were assumed to be the same as 
their corresponding non-hydroxy analogues. The partial molal volumes 
used in calculating C from m for Curves 1 and 4 are from Daniel and Cohn 
(4), those for Curves 3, 8, and9 from Cohn, McMeekin, Edsall, and Blanch- 
ard (1), those for Curve 7 from Edsall and Wyman (7), and those for Curves 
2, 5, and 6 were estimated to be 60.6 + 0.6C, 76.5, and 92.7 respectively. 


ments, and the salting-in and salting-out constants, K,* and 
K,*, obtained by the method described in the preceding paper 
(12). The effect of substitution of a hydroxyl group is to decrease 
the values for log y/C and of K,*, but, while K,* for serine is 
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much less than that for alanine, the salting-in constants for 
threonine and hydroxyproline are similar to those for their respec- 
tive unsubstituted analogues. As with the other amino acids the 
changes in the values for log N4/No resulting from substitution of 
a hydroxyl group parallel in direction those for log y/C. The 
amino acids in which methylene groups are added to the nitrogen 
rather than to the chain have higher values for log y/C and salting- 


Taste III 


Functions Derived from Change of Activity Coefficient with Concentration 
and Solvent 


—leosy } 


Na | . * 
De, Bee | *R | x, 
D | 
dl-a-Alanine.... ...| —0.005 | 2.856t | one | 0.015 
Sarcosine. . —0.008 | | 0.016 | 0.024 
dl-Serine... 0.075 3.362 | —0.102 | —0.177 
dl-a-Amino-n-butyric acid...... —0.033 | 2.375¢ | 0.016 | 0.049 
@-Threonine..................| 0.027 3.070 | 0.014 | —0.013 
dl-a-Amino-n-valeric acid.....| —0.042 (2.158)§ | 0.000 0.042 
tpl ll .| -1.150 | 0.075 | 0.042 | 0.192 
di-Proline...... ....| —0.043 | (1.50) | 0.004 | 0.047 
l-Hydroxyproline ooo...) —0.001 | (2.3) | 0.008 | 0.009 





+ Cohn, McMeekin, Edsall, and Weare (2). 

t Edsall (6). 

§ This is the ratio for valine (2). That for a-amino-n-valeric acid is 
probably about 2.00 (6). 

|| From the solubility equation of Tomiyama and Schmidt for aqueous 
solutions of l-proline at 19° (14) and the measurement of Kapfhammer and 
Eck in alcohol at 19° (8). 

{ From the solubility equation for aqueous solutions at 40° (14) and the 
solubility of l-hydroxyproline in a 0.005 m alcoholic solution of l-proline at 
40° (8). 





in and salting-out constants although those of sarcosine are not 
much higher. In the one case where a comparison is possible 
the values for log N4/No parallel those of log y/C. 


The authors are indebted to Professor Edwin J. Cohn of the 
Harvard Medical School for helpful suggestions in interpreting 
these results and to Professor David I. Hitchcock for valuable 
criticisms. 
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SUMMARY 


Isopiestic vapor pressure measurements have been made at 


25° of aqueous solutions of dl-proline, |-hydroxyproline, dl-serine, 
dl-threonine, sarcosine, and betaine. 


The osmotic coefficients and activity coefficients of these amino 


acids have been calculated from the measurements. 


Relationships between the activity coefficients and the di- 


electric constants of their solutions have been discussed. 


1. 


2. 
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THE RELATION OF VITAMIN B, AND PANTOTHENIC 
ACID TO FACTOR W STUDIES* 


By SIMON BLACK,t D. V. FROST, ano C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, October 20, 1939) 


Studies on the vitamin B complex requirements of the rat have 
established the essential nature of three specific factors; t.e., thi- 
amine, riboflavin, and vitamin Bs. The fraction of liver extract 
which must be supplied in addition to these factors to produce 
optimum growth has been termed by us factor W (1). That this 
fraction is multiple in nature has been recognized for some time. 
Its relation to the other members of the vitamin B complex and 
to the rat “filtrate factors” of other workers has been discussed 
in a previous publication from this laboratory (2). In the rations 
used for the assay of factor W preparations white corn has been 
the source of vitamin Bs. Since no dermatitis was observed in 
any of our rats and since no growth response occurred when vita- 
min Bs was added either alone or with a crude factor W prepara- 
tion, we assumed that our basal ration was not deficient in this 
factor. However, further work has shown that the decreased 
growth-promoting property of some of our purified fractions of 
factor W could be eliminated when the fractions were supple- 
mented with synthetic vitamin Bs. Thus the absence of a typical 
dermatitis is not evidence that the rat is receiving a sufficient 
supply of vitamin Bs. We have obtained significant growth 
responses when rats on our basal ration plus purified concentrates 
of factor W were given additional vitamin By in spite of the fact 
that the basal ration contained corn, dextrin, and cottonseed oil. 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

We are indebted to Works Progress Administration Project No. 8649 for 
assistance in the care of the animals. 

t Eli Lilly and Company Fellow. 
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Failure to obtain this response previously was undoubtedly due 
to the vitamin Bs present in our factor W preparations. 

The ration used for all of the assays reported here, unless other- 
wise indicated, has the following composition: dextrin 63, casein 
(Labeo) 18, Salts III (3) 4, white corn 6, cottonseed oil 2, cod liver 
oil 2, butter fat 5, vitamin B, 150 micrograms, riboflavin 300 
micrograms, and nicotinic acid 2.5 mg. When we discovered the 
vitamin Bg deficiency in the ration, 300 micrograms of crystalline 
vitamin Bs per 100 gm. of ration were added.! The assays made 
when this supplement was included are marked with an asterisk 
in Table I. Male rats, 21 days old, placed on this ration with or 
without vitamin Be, grow to a weight of 70 to 90 gm. in 3 to 5 weeks 
and are used for assay when their growth rate is reduced to 6 gm. 
per week or less. Responses of about 28 gm. per week are obtained 
over a 5 week period when such rats are fed 0.2 gm. of liver extract 
per day. When purified preparations are fed, responses of 15 gm. 
per week over a 3 week period are considered significant. 

In our early work (4) it was shown that concentrates of factor 
W did not contain sufficient amounts of the chick antidermatitis 
factor to prevent dermatitis in chicks. Recently evidence has 
been brought forth (5-8) indicating that the chick antidermatitis 
factor, which is probably identical with pantothenic acid, is essen- 
tial in the diet of the rat. In this paper we wish to present evi- 
dence that our improved preparations of factor W still contain 
considerable pantothenic acid and that part of the growth-pro- 
moting activity of these preparations is due to the presence of this 
vitamin, but that they also contain at least one other factor 
(factor W) which is required in addition to pantothenic acid for 
normal growth. 


Methods 


A new procedure based largely upon properties previously 
reported (1 ,2,4) has been adopted for obtaining purified prepara- 
tions of factor W. The procedure, outlined in Diagram 1, is as 
follows: 5 kilos of 95 per cent alcohol-soluble liver extract? are 
extracted twice by being stirred with 10 liters of n-butanol. Only 


1 We are indebted to Dr. D. F. Robertson of Merck and Company, Inc., 
for generous supplies of thiamine, nicotinic acid, and vitamin Bg. 
? Kindly supplied by Dr. David Klein, The Wilson Laboratories, Chicago. 
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Description of preparation 


Control, no supplement 
‘* — liver extract 
Hexane-butanol filtrate 
Alkaline norit - 
Butanol eluate of norit 


“ce “ee oe 


Acetone 

Butanol “  follow- 
ing acetone elution 

Acetone eluate + follow- 
ing butanol eluate 


Ethyl acetate eluate of 


norit 

Fullers’ earth filtrate of 
hexane-butanol filtrate 

Butanol eluate of fullers’ 
earth 

Fullers’ earth filtrate + 
eluate 

Phosphotungstic acid- 
butanol filtrate 

Same + crystalline vita- 
min Be 

Crystalline vitamin Be, 
3 micrograms per gm. 
ration 

Chloroform extract of 
brucine salts 

Chloroform residue of 
brucine salts 

Aqueous extract of bru- 
cine salts from chloro- 


form 
Acetate-ether filtrate 
" precipi- 
tate 


TaBLe | 
Growth Responses of Rats Fed Various Fractions of Liver Extract 


————— 


Equivalent of liver 
extract given daily 


| 


coosssossscse 
woonw fw YK DOD PO 


0.2 





0.2 


0.2 | 


sso 
bo @ bo 


0.2 





0.2) 


0.2 


0.5 
0.5 





Solid ma- 
terial given 
y 


mg. 


2.3 


0.62 
4.9 
0.62 


| 
| 


Panto- 
thenic acid 


kx 


micrograms | 


60-100 
30- 32 


45 





* Assayed with crystalline vitamin Bg in the ration. 
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No. of rats 


Nee Www Ww ww Ot 


Duration of experi- 











| 
| Average 
wkly. 
i growth 
ate.) aids 

4) 36 
5 | 27-28 
5 21 
5 | 19 
5 | 18 
5 20 
4° 14* 
4 | 20* 
3 6* 
3 | 22° 
3 18* 
5 16 
5 13 
3| 5 
3 | 22 

| 

| 
4 | 9 
4 ll 
3 23* 
2| 6 
4 15* 
4 19* 
4 16* 
3 19* 
2 2* 
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a small amount of activity remains in the insoluble residue from 
which the extract is decanted. To the clear butanol solution is 
added an equal volume, 22 liters, of hexane (Skellysolve B), 
which precipitates a large amount of inactive material. After 
the solution has stood for several hours to allow the precipitate 


Diagram 1 
Steps in Concentration of Factor W 


95 per cent alcohol-soluble liver extract 
(extract with n-butanol) 


| 
1 








Residue (discard) Butanol solution (add equal volume of 
hexane) 
4 
Precipitate (discard) Hexane-butanol filtrate (concentrate in 


vacuo and take up in water) 
] 








Water-insoluble residue Aqueous solution (adjust pH to 12.0 and 
(discard) treat with norit) (Experiment 2) 
j | 
Adsorbate (discard) Alkaline norit filtrate (adjust pH to 6.0 to 


7.0 and treat five successive times with 
norit) (Experiment 3) 








4 
Norit filtrate (discard) Norit adsorbate (dry at 60° overnight and 
elute four successive times with boiling 
butanol) 
Eluted norit (discard) Butanol eluate (add butanol solution of 


phosphotungstic acid) (Experiment 4) 





Precipitate (discard) Phosphotungstic acid-butanol filtrate (con- 
centrate in vacuo and take up in water. 
Neutralize with saturated Ba(OH),) 





| 
Barium phosphotungstate Filtrate (Experiment 8) 
(discard) 


to settle, the clear filtrate is decanted and the solvents removed 
by distillation under reduced pressure. The solid extract is 
stirred with 1 liter of water and the water-insoluble portion re- 
moved on filter-cel. This fraction is very active when fed at low 
levels. The solution is diluted to 5 liters with water and adjusted 
to pH 12.0 with concentrated NaOH. The solution is then treated 
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with 200 gm. of norit A (Pfanstiehl) for 30 minutes, and the norit 
filtered off with suction. Nearly all of the activity is in the fil- 
trate. The solution is adjusted to pH 6.0 to 7.0 with dilute sul- 
furic acid and treated five successive times with 100 gm. portions 
of norit for 30 minute periods. The norit is filtered off and dried 
at 60° overnight, and the inactive filtrate is discarded. The active 
material may be eluted from the norit by being refluxed three or 
four times with any of a number of solvents. We have found 
n-butanol to be most satisfactory, but have also used dry acetone. 
The acetone removes only part of the activity and the remainder 
of the activity is removed by butanol. The elution with the two 
solvents does not give a separation of factors, since the results 
in Table I show no supplementary effect between the two fractions. 
The butanol eluate is concentrated to a volume such that 1 ce. 
is equivalent to 1 gm. of the original liver extract. To this 
butanol solution is added 0.5 volume of a saturated butanol solu- 
tion of phosphotungstic acid. The heavy precipitate is filtered 
off and washed with butanol, and the filtrate and washings con- 
centrated under reduced pressure and taken up in water. A 
saturated solution of barium hydroxide is used to precipitate the 
excess phosphotungstic acid. The filtrate is active at levels 
considerably below 1 mg. per rat per day when fed with vitamin 
Bs, but is quite inactive in the absence of this factor. Typical 
growth responses are shown in Table I. 

During the course of the procedure some attempt was made to 
follow the active compound or compounds by means of color 
reactions and standard qualitative tests. Samples of many of 
the preparations were coupled, in alkaline solution, with diazotized 
sulfanilic acid to give a very distinct orange color. However, 
the phosphotungstic acid-butanol filtrate gives no such color 
reaction though it is very active when fed to the rat. Kuhn and 
Léw (9) have developed a similar test for vitamin Bs, and crys- 
talline vitamin By produced an orange color with our reagent. 
Hence, it is very probable that vitamin B, is the compound we 
detected, for our more purified concentrates which did not give 
this test were not active unless fed with vitamin Be. 

The cyanogen bromide reaction, which is widely used in the 
determination of nicotinic acid, was positive on the phospho- 
tungstic acid-butanol filtrate. Kuhn and Léw (9) have shown 
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that vitamin Bs also gives a color with this reagent but, since this 
preparation contains no vitamin Be, the color is probably due to 
some other pyridine derivative, presumably nicotinic acid. 

The ferric chloride test for phenols and enols and Bial’s test 
for pentoses were negative on the more purified preparations. 
Other qualitative tests which are completely negative on some of 
the active concentrates are the Molisch test for carbohydrates, 
the ninhydrin test for amino acids, and the Ehrlich and Hopkins- 
Cole reactions for indole derivatives. 

By the Fiske-Subbarow method there appeared to be less than 
1 microgram of inorganic phosphorus per rat day dose of an active 
preparation. Micro-Kjeldahl determinations indicated a nitrogen 
content for several of the concentrates varying from 2.9 to 15.3 
per cent. 

Fullers’ Earth Fractions—100 cc. of an aqueous solution of the 
hexane-butanol filtrate fraction equivalent to 50 gm. of original 
liver extract, adjusted to pH 1.0 with dilute sulfuric acid, are 
treated for three 30 minute periods with 3 gm. portions of English 
fullers’ earth. The fullers’ earth is washed with 0.1 N H,SO, and 
the washings added to the filtrate. After the fullers’ earth is 
dried at 60° overnight, it is refluxed three successive times with 
n-butanol. 

As shown in Table I, the filtrate fraction alone and the eluate 
fraction alone produced small growth responses, but when the two 
were fed together a very definite supplementary effect was 
obtained. 

Acid-Ether Extraction—An aqueous solution of the hexane- 
butanol filtrate fraction, adjusted to pH 1.0 with dilute sulfuric 
acid, is extracted continuously for 72 hours with peroxide-free 
ethyl ether. We have considerable evidence that the residue and 
extract supplement each other. Typical results are shown in 
Fig. 1. Because white corn is known to contain pantothenic acid, 
one series of assays was made without corn in the ration. These 
results are shown in Table II. 

Formation and Extraction of Brucine Salts—To an aqueous solu- 
tion of the hexane-butanol filtrate fraction an alcoholic solution 
of brucine is added in an amount necessary to neutralize the 
acidity of the solution. A large amount of filter-cel is then added, 
and the solution evaporated to dryness before a fan at 60°, with 
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occasional stirring. The dried material is extracted by being 
refluxed twice with chloroform. The chloroform is removed under 
reduced pressure and the extracted material taken up in a small 
amount of water. The chloroform-insoluble portion is also taken 
up in water, and both fractions are freed of brucine by addition 
of a barium hydroxide solution. After the brucine is filtered off, 
the free acids are liberated and the barium precipitated with dilute 
sulfuric acid. A 100 cc. portion of the chloroform solution is 
extracted by being shaken with two 10 cc. portions of water and 
the aqueous solution freed of brucine as described above. 
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Fie. 1. Growth curves showing the supplementary effect of acid-ether 
extract and residue. 


As shown in Table I, active concentrates were prepared by use 
of the brucine salts, but the greater portion of the activity re- 
mained in the chloroform residue. All of the active material in 
the chloroform extract was transferred from the chloroform to the 
aqueous phase. 

Formation of Acetate—A portion of the hexane-butanol filtrate 
fraction equivalent to 50 gm. of the original liver extract is 
evaporated to dryness under reduced pressure and taken up in 
25 cc. of redistilled pyridine. 75 cc. of acetic anhydride are added 
and the reaction mixture allowed to stand at room temperature 
for 1 week. The mixture is then reduced to a volume of 5 cc. 
by distillation under reduced pressure and is added to 15 ce. of 
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ethyl ether. The resulting precipitate is allowed to settle and the 
supernatant liquid decanted. 

The precipitate is taken up in 0.1 Nn NaOH and allowed to stand 
at room temperature overnight, when the solution is neutralized 
with sulfuric acid. The ether is removed from the filtrate under 
reduced pressure and the residue hydrolyzed by the method used 
for the precipitate. The hydrolyzed precipitate was completely 
inactive, and the filtrate contained less than one-half of the original 
activity (Table I). 

Pantothenic Acid Assays*—Several of our preparations were 
assayed for their content of pantothenic acid by the method of 
Snell, Strong, and Peterson (10), in which the organism Lacto- 


TABLE II 

Experiment 11. Growth Responses of Rats Fed Acid-Ether Extract and Residue 

The assays shown in this table were made on a ration similar to the one 

described except that the white corn is replaced with an additional 6 per 
cent of dextrin. 

Two rats were each given the equivalent of 0.2 gm. of liver extract daily 

for 2 weeks in tests for each preparation. 


~ SS 
Description of preparation | acid in rat day | mee 
| Loa | aoa | | ae 

Acid-ether extract of hexane-butanol filtrate... | 50 8 

” residue “‘ a en 0 2 

- extract + residue................... 50 | 19 


bacillus casei is used. The pantothenic acid content of the frac- 
tions assayed is shown in Table I. The assays show that we were 
able to extract only a portion of the brucine pantothenate with 
chloroform, although our method for the formation and extraction 
of brucine salts is similar to that of Williams et al. (11) for the 
concentration of pantothenic acid. 


DISCUSSION 


It is quite evident from these data that some of our results 
with purified concentrates of factor W have been complicated by 
an inadequate supply of vitamin Bs. In our earlier work (2) we 


* Mr. E. J. Stoltz made these assays. 
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pointed out the possibility that our factor W concentrates could 
overcome a partial lack of vitamin Bs, and that greater growth 
could be obtained than that attributable to factor W addition 
alone. We also reported (1) an apparent separation of two factors 
by precipitation with mercury and barium, and from a considera- 
tion of its properties this may have been an incomplete separation 
of vitamin B, from factor W. However, it is also possible that 
factor W and pantothenic acid were separated by barium precipita- 
tion in an alcohol solution. A destructive effect upon the activity 
of factor W concentrates when treated with fullers’ earth has also 
been previously noted (12). We now believe that this effect is 
due to adsorption of vitamin Bs on the fullers’ earth. The results 
in Table I indicate a very definite supplementary effect between 
the fullers’ earth filtrate and the butanol eluate of fullers’ earth. 
We believe the activity of the eluate is due to vitamin Bs. Our 
phosphotungstic acid-butanol filtrate is probably more nearly free 
of vitamin B, than any other fraction we have prepared. That it 
produces a good growth response only when fed with crystalline 
vitamin B, is our best evidence that our ration is deficient in this 
factor, and that it is required in greater amounts for optimum 
growth than for prevention of dermatitis. Because the addition 
of vitamin B, produces no response on our ration, we believe that 
it does not become a limiting factor in the ration until factor W is 
included, and that with vitamin Bg included, the ration is satis- 
factory for the assay of factor W preparations. 

In 1937 Halliday and Evans (13) reported results which indi- 
cated that the response attributed to factor W may be due to 
vitamin Bs. We believe it is now evident that part of our response 
was due to vitamin Bs, and that the excellent growth of their 
animals was due to both vitamin Bs. and factor W in their prepa- 
rations. 

Recently several workers (5-8, 14) have reported evidence for 
the essential nature of pantothenic acid in the diet of the rat. 
Though final proof awaits the isolation of this factor, our results 
confirm this evidence. Of the fractions assayed for pantothenic 
acid none which was low in this factor produced a normal growth 
response. Our best evidence for its essential nature is the supple- 
mentary effect of the acid-ether extract and residue, shown in 
Fig. 1 and in Table II. The extract contains a considerable 








74 Factor W Studies 


amount of pantothenic acid, while the residue has none. We are 
unable to explain our previous failure to effect a separation of 
factors by acid-ether extraction, except that those results may 
have been complicated by the vitamin B, deficiency. Acetylation 
and formation of brucine salts are steps which have been used in 
the concentration of pantothenic acid. That we can use these 
procedures for the preparation of concentrates which are active 
in promoting rat growth is evidence that at least one of the essen- 
tial factors is very similar in its properties to pantothenic acid. 
Hitchings and Subbarow (5,14) have also used an acid-ether 
extraction and formation of brucine salts as steps in concentrating 
a factor essential for rat growth. Hoffer and Reichstein (6) have 
previously reported a supplementary effect between the acid-ether 
extract and residue, and El-Sadr et al. (7) have successfully 
acetylated active preparations. 

The question of nomenclature needs further consideration. 
Originally factor W was considered to be a single factor, essential 
for rat growth in addition to thiamine, riboflavin, and vitamin Bg. 
Later it became evident that it was multiple in nature. We have 
now separated two factors by an acid-ether extraction. Because 
the factor in the ether extract is probably pantothenic acid, a 
known compound, we believe that the term factor W should be 
reserved for the factor in the residue. The greater growth re- 
sponse given by liver extract over the hexane-butanol filtrate 
(Table I), which contains both pantothenic acid and factor W, 
suggests that another factor, in addition to pantothenic acid and 
factor W, may be essential in the nutrition of the rat. 


SUMMARY 


1. A procedure for the preparation of highly purified factor W 
concentrates is described. 

2. Evidence is presented indicating that the factor W assay 
ration previously used is deficient in vitamin Bs. Significant 
growth responses are obtained when synthetic vitamin Bs is added 
to our basal ration plus factor W concentrates. 

3. All factor W preparations which promote normal rat growth 
contain significant amounts of pantothenic acid. 

4. Evidence is presented to show that these concentrates con- 
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tain at least one other growth factor for which the term factor W 
is retained. 
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INHERITANCE EFFECT OF EXERCISE ON THE PHOS- 
PHOLIPID AND CHOLESTEROL CONTENT OF MUSCLE 


By W. R. BLOOR 


(From the Department of Biochemistry and Pharmacology, School of Medicine 
and Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, November 1, 1939) 


As the result of examination of the phospholipid and cholesterol 
content of various tissues in animals, it was found that a high 
lipid content was associated with activity. The relation seemed 
to be especially well marked in muscle and an examination of the 
lipids of voluntary muscle in various animals showed wide differ- 
ences in phospholipid and cholesterol content which could be 
associated with varying extents of natural muscular activity (1). 
An experimental study of the effect of exercise on muscle lipid was 
then made (2) in the hope of explaining some of the very wide 
differences in the lipid content of the same muscles found in 
different animals. By exercising one group of rats in an exercising 
cage and resting a control group by confinement, it was found 
that the experimental activity produced in the exercised muscles 
a higher content of phospholipid with a less marked increase of 
cholesterol and a resulting higher phospholipid to cholesterol ratio. 
These differences with exercise while characteristic were not in- 
variable and not great enough to serve as an explanation of the 
large differences found in nature. For example, it was found that 
the leg muscles of certain wild mice had more than twice the per- 
centage of phospholipid and nearly twice as much cholesterol as 
the corresponding muscles in the laboratory rat. 

In seeking an explanation for the difference, we considered the 
factor of heredity in the sense of great activity through several 
generations and put this theory to experimental test as follows: 
Female rats which had run well in the exercising cage for a month 
or longer were removed from the cage and bred. The offspring, 
when they had reached the experimental weight (about 120 gm.), 
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were put into the cage and similarly exercised, after which some 
were killed for analysis and a certain number were bred. Their 
daughters, when they reached the experimental weight, were 
allowed to run for the usual period (1 to 2 months), and were then 
killed, and the weighed muscles analyzed for phospholipid and 
cholesterol. Eight members of the second generation and four 
of the third were examined. The lipid content of the muscles of 
the second generation was markedly higher than that of the first 
generation, while that of the muscles of the third generation was 
only slightly different from that of the second. For this reason, 
the values for these two generations will be considered together. 
There were twelve animals in this group as compared with fifteen 
each in the first resting and exercised groups. 

The muscles or muscle groups used were the heart, neck, dia- 
phragm, abdominal wall, back and loin, thigh, gastrocnemius, 
front leg, and pectoralis. Because of the difficulty in getting 
comparable samples of neck muscles and because of the relatively 
small changes in composition, this muscle group is omitted from 
the present discussion. The treatment of the muscle samples and 
the analyses were carried out as in the previous report; i.e., re- 
moval of the muscle as soon as possible after death, grinding with 
sand, and extraction with hot aleohol. Phospholipid was deter- 
mined in the extract by the oxidative method after precipitation 
with acetone and magnesium chloride, and the cholesterol was 
determined colorimetrically. The results for the group as average 
values in terms of moist weight with standard deviations and 
percentage changes are given in Table I which contains also, for 
comparison, the resting and exercise values for the first generation 
obtained in the earlier work. 


Results 


The later generations differed from the first chiefly in that the 
effects noted were much more marked, although in the same 
direction. The changes in values for the second and third genera- 
tions in terms of the resting values for the first generation were 
as follows: 

Hypertrophy—Over 50 per cent, back and loin 92, heart 68, pectoralis 60, 


gastrocnemius 53; 30 to 50 per cent, abdominal wall 37, diaphragm 36; 
below 30 per cent, front leg 21; diminished, thigh 56. 
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Increased Phospholipid—Over 20 per cent, gastrocnemius 28, front leg 
23, pectoralis 21; 10 to 20 per cent, back and loin 16, abdominal wall 15, 
thigh 15; below 10 per cent or negative, heart and diaphragm. 

Increased Cholesterol—Over 50 per cent, gastrocnemius 75, diaphragm 
63, back and loin 54, front leg 54; 25 to 50 per cent, pectoralis 42, thigh 37, 
heart 31; below 25 per cent, abdominal wall. 


The compensatory changes or responses to the exercise were one 
or all of the following: (a) hypertrophy in all but the thigh 
muscles, (b) increased cholesterol in all the muscles, (c) increased 
phospholipid in all the muscles but the heart and diaphragm. 
Thus the change in the heart was mostly in increased size with a 
less important increase of cholesterol. In the gastrocnemius, the 
greatest increase was in the cholesterol content, with a good in- 
crease in phospholipid and a less marked hypertrophy. The 
muscles of the front leg showed relatively little hypertrophy but 
a good increase in phospholipid and cholesterol, while the pectoral 
muscles showed marked increases in all three. 

Hypertrophy, as shown by relation of muscle weight to body 
weight, was much more pronounced in the later generations than 
in the first. For example, in the back and loin the increase in 
weight was 92 per cent in the later generations as compared with 
18 per cent in the first, in the pectoralis 60 per cent as compared 
with 8 per cent, 68 per cent as compared with 16 per cent in the 
heart. The diaphragm was an exception. It showed 36 per cent 
hypertrophy in the first generation and none in the later ones. 

The increase in phospholipid was significant and considerable 
but not great in all muscles except the heart and diaphragm and 
notably greater in the later generations than in the first. The 
increase was greatest in the front leg, the pectoralis muscles, and 
the gastrocnemius. The increase in cholesterol in the second 
group was very great and of the same order as the hypertrophy. 
It took place in all the muscles without exception and was much 
greater than in the first group. 

Certain muscles, which can be definitely related to the type of 
exercise employed (running on a curved surface), show especially 
marked changes. For example, the gastrocnemius showed a 53 
per cent hypertrophy, a 75 per cent increase in cholesterol, and a 
28 per cent increase in phospholipid. The front leg muscles, 
while not greatly hypertrophied (21 per cent), showed a cholesterol 
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increase of 54 per cent and a phospholipid increase of 23 per cent. 
The pectoral muscles were 60 per cent hypertrophied, and con- 
tained 21 per cent higher phospholipid than the resting controls 
and a 42 per cent higher cholesterol. The greatest increases in 
phospholipid were found in these muscles. The heart was con- 
siderably larger (68 per cent), but its cholesterol increase was only 
31 per cent and its phospholipid content unchanged. The heart 
contains normally a much higher percentage of phospholipid and 
cholesterol than the voluntary muscles. 

The muscles least affected by the exercise were those of the 
abdominal wall and the thigh, the latter weighing less in the 
later generations than in the first. However, as already noted, 
the gastrocnemius was one of the most changed of the muscles 
and it is probable that most of the effort of the type of exercise 
used fell on the leg rather than on the thigh muscles. 

As already noted, next to hypertrophy, the most marked effect 
of the inheritance was the increase in cholesterol, which was over 
50 per cent in four of the eight muscle groups and over 30 per cent 
in three others. The significance of these high values is not known 
but attention has been called (1) to the association of high choles- 
terol with spontaneous or automatic rhythmic activity such as is 
found in the heart and in smooth muscle. The exercise which 
these animals took consisted of a monotonous and rhythmic repeti- 
tion of the same movements by the same muscles which would 
have therefore much of the character of automatic movement. 
The fact that cholesterol is an excellent dielectric may have some- 
thing to do with the continuous accumulation and discharge of 
nervous (electrical?) energy which would be necessary in automatic 
or continuous rhythmic movement. 

As compared with the results in the first group of animals, the 
differences shown in the later groups are large enough and enough 
greater than the standard deviation to be significant and to 
represent definite differences presumably due to the exercise. 
As such, the hypertrophy is characteristic and is of course well 
recognized as an effect of work on muscle. The great increase in 
cholesterol as the result of exercise has not been noted before and 
its significance is not known. The values approach those found 
in animals with very high muscle cholesterol values found in in- 
stances mentioned in a previous communication (1). The phos- 
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pholipid, although considerably increased, does not approach the 
value found in the muscles of some of the previously mentioned 
animals. For example, the wild mouse had a phospholipid value 
of 1.68 per cent in its thigh muscles as compared with the value 
of 0.97 per cent which is the average value for the thigh muscles 
of the exercised rats in the second group above. However, as far 
as the limited numbers allow, the results indicate that the lipid 
content of muscle may be increased by exercise through succeeding 
generations. 


SUMMARY 


Muscles of rats exercised through the second and third genera- 
tions show, in addition to hypertrophy, large increases in phos- 
pholipid and especially in cholesterol. These results are favorable 
to the idea that exercise through several generations may result in 
increased phospholipid and cholesterol content of muscle. 
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STUDIES ON COLLOIDAL SULFUR-POLYSULFIDE 
MIXTURE 


ABSORPTION AND OXIDATION AFTER ORAL ADMINISTRATION 


By HARRY GREENGARD anp JEAN REA WOOLLEY 


(From the Department of Physiology and Pharmacology, Northwestern 
University Medical School, Chicago) 


(Received for publication, September 16, 1939) 


Relatively little research has been done on the absorption of 
elementary sulfur from the gastrointestinal tract. Wild (1) 
observed that when powdered sulfur was fed most of it passed 
through the bowel unchanged. Denis and Reed (2) determined 
inorganic and ethereal sulfate and total non-protein sulfur on 
animals fed a standard diet to which was added powdered sulfur 
in a dosage of 500 mg. per kilo per day, and obtained evidence 
that about 10 per cent of the administered sulfur was absorbed. 
In view of the great insolubility of sulfur they considered the 
fraction absorbed to arise from H,S production by action of the 
intestinal flora. The absorbability of colloidal sulfur from the 
intestine was investigated by Maillard (3). He gave rabbits a 
colloidal sulfur solution prepared by treatment of H,SO; with 
H,S and reported a recovery of about 80 per cent of the sulfur 
in the urine within 24 hours, of which over half appeared in the 
unoxidized form. Because of the recent fairly wide-spread use of 
colloidal sulfur as a therapeutic drug, it was considered advisable 
to corroborate and extend this evidence. 

According to the prevailing opinion the sulfur compounds of 
the urine, consisting chiefly of inorganic sulfate, are non-threshold 
bodies and do not remain in the circulation. Thus Denis and 
Reed (4) found that following introduction of H,S into the intes- 
tine there was no marked increase in blood sulfate level unless the 
kidneys were ligated. It follows that in the absence of renal 
pathology accurate information regarding sulfur excretion may 
be obtained by appropriate urine analyses. It is also essential 
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to take into account the sulfur normally present in the urine as an 
end-product of protein metabolism; this may be done by nitrogen 
determinations. 

In investigating the toxicity of a colloidal sulfur preparation 
which is a concentrate of a natural sulfur spring, it was found that 
when this was given orally in a sufficiently large dose intoxication 
and death occurred within 5 minutes (5). This was strong pre- 
sumptive evidence that absorption was prompt. It was also noted 
that the toxic dose was very large, that the material was innocuous 
when fed over long periods of time to rats, rabbits, and dogs in 
doses up to 80 mg. per kilo, and that it could be given to human 
subjects with perfect safety in amounts as high as 750mg. There- 
fore two series of experiments were conducted, in the first of 
which six individuals were maintained on a constant diet for a 
10 day period comprising an initial 3 day control régime followed 
by 7 days in which a given amount of sulfur was ingested; the 
nitrogen and sulfur excretion was followed by daily urinalyses. 
In the second experiment a single dose of sulfur was administered 
and sulfur and nitrogen determined on the urines collected every 
2 hours for 24 hours. In the latter experiment comparative 
studies were made on powdered sulfur. 


EXPERIMENTAL 


Six graduate students served as subjects in the first set of ex- 
periments. They were allowed to select their own diet, with the 
stipulation that the same amount of each food be consumed daily, 
and 24 hour urine specimens were exactly and quantitatively 
collected daily. The dietary items were weighed and ingested 
at a table in our laboratory. After a 3 day control period four 
of the subjects were given 500 mg., and two of them 750 mg. of 
colloidal sulfur orally, daily for the remaining 7 days, except in 
the case of one subject who stopped after 5 days to permit a 2 day 
after period. Urine nitrogen was determined by the Scales and 
Harrison (6) modification of the Kjeldahl method, total sulfate 
by the method of Folin (7), and total sulfur by the Denis (8) 
modification of the Benedict (9) method. 

In the second experiment nine graduate students served as 
subjects. A 2 hour control urine specimen was collected, 500 mg. 


1 Graham Springs, Kentucky. 
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of colloidal sulfur or powdered sulfur taken by mouth, and eleven 
subsequent urine specimens were collected and analyzed as before. 


Results 


Additions of Colloidal Sulfur to Constant Diet—There was a 
marked increase in urinary sulfur in the first 24 hour specimen 
collected after the sulfur ingestion, and sulfur excretion continued 
high as long as colloidal sulfur was given. Recovery was usually 
quantitative in the form of sulfate. A representative protocol of 
one of the six subjects is given in Table I. 








TaBLe | 
Daily S and N Output of Subject J. W. on Constant Diet, Showing Effect of 
Sulfur Supplement 
Day | Total N Total 80-8 | TotalS =| 8: N ratio 
| gm. mg. mg. 
1 | 13.1 4s 1025 0.0784 
2 ee 683i 885 0.0734 
3* | 99 «| 689 867 0.0875 
4 12.7 1401 1650 0.1300 
5 10.4 1230 1470 0.1412 
6 14.2 1590 1810 0.1275 
7 10.3 1162 1294 0.1256 
8 15.0 1610 1782 0.1190 
9 10.0 1105 1310 0.1310 


10 et, a) oe 0.1200 





* 500 mg. of colloidal sulfur daily at this point. 


Rate of Excretion after Single Dose of Colloidal Sulfur—tin this 
series of experiments a very marked increase in sulfur excretion 
was obtained, maximal in the first or second 2 hour specimen 
collected after sulfur ingestion. The sulfur content of subse- 
quent 2 hour specimens gradually tapered off to the control level. 
Typical examples are shown in Figs. 1 and 2 of the urinary sulfur 
output in eight subjects given colloidal sulfur and powdered 
sulfur on different days. 


DISCUSSION 


It is evident that any procedure for the estimation of extra 
sulfur in the urine must take into account the sulfur formed from 
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cystine and methionine catabolism, and, furthermore, that the 
possibility of increased endogenous protein breakdown must be 
ruled out. Urinary nitrogen determinations and calculation of 
the sulfur-nitrogen ratio are necessary to make the results of such 
studies valid. Folin (10) determined the normal sulfur-nitrogen 
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ratio and its variations in various levels of protein intake, and the 
control values in the above experiments are in accordance with 
his data, although we have found a somewhat wider range. For 
practical purposes, it has been assumed that a sulfur-nitrogen 
ratio in excess of 0.1 indicates active absorption of elementary 
sulfur. 
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In the first series of experiments detailed above it is apparent 
that when a constant diet is supplemented with sulfur there is a 
marked rise in urinary sulfur in the first specimen collected after 
initiation of the sulfur régime. During the control period there 
was a rough parallelism between nitrogen and sulfur output, and 
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after the sharp rise in sulfur excretion the parallelism persisted 
at a new level. The sulfur increase could be accounted for almost 
entirely by the rise in sulfate output, indicating complete oxida- 
tion of the sulfur administered. In the case of the one subject 
in which a 2 day after period was studied after 5 days of sulfur, 
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the sulfur excretion returned to normal in the first specimen 
collected; thus the sulfur is cleared from the system within 24 
hours. When the nitrogen and sulfur values for the control 
and sulfur periods were averaged and compared, it became 
manifest that sulfur recovery in the urine was in most cases 
quantitative, as shown in Table II. 

The quantitative elimination of sulfur in the urine was verified 
by a determination of the fecal sulfur during the course of the 
experiment, and this was found to show no significant variations. 

The findings obtained in the second set of experiments are self- 
explanatory. In every case the administration of colloidal sulfur 


TABLE II 


Average Daily N and S Output on Constant Diet, Showing Amount of Added 
Sulfur Recovered 


TotalN | Total8O, | ‘Totals | S:Nratio | | 

















: | ap Se ae . ' Extra; Re 
ee daily Con- | 8 | Con | 8 Con- | g | Com) g | 8 ae 

trol | trol | trol | trol | | 
ae eS —|——|— | | aaa 
mg. | gm. “acd al na mg. | mg. mg. | ES 

| | | | 

H. B. I.....| 750 | 10.7) 11.9) 818) 1549 959) 17470.090(0.155, 788 | 105 
E. W.......| 500 | 10.9) 11.2 649| 1160) 810, 13090.0740.117 499 | 100 
R. J. G.. 750 | 16.1) 16.4) 71 1773) 1311) 2045/0.081/0. 125) 734 | 98 
H. W. 500 | 9.5) 9.0) 586) 869) 701| 10360.062/0.115) 335 | 67 
JW. 500 | 11.8 12.4 741) 1365| 925 1433/0.079/0.116 508 | 102 
500 | 6.4, 5.8) 371) 751| 496) 912|0.079)0.157| 416 | 83 


ae 


caused a very sharp rise in sulfur output in the first specimen col- 
lected after the control, reaching a maximum in 2 to 4 hours and 
gradually falling off to normal in 14 to 20 hours. In all cases when 
the sulfur excretion was large there was an increased output of 
unoxidized sulfur; thus a small portion—probably less than 10 
per cent—of the colloidal sulfur ingested escaped oxidation. 
The substitution of powdered sulfur (100 mesh) for colloidal sulfur 
showed uniformly that only a small portion of it is absorbed; such 
absorption as takes place was found to occur at 8 to 16 hours after 
ingestion, at which time it was probably in contact with the in- 
testinal flora of the lower bowel. 
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SUMMARY 


Orally administered colloidal sulfur in doses of 500 to 750 mg. 
is completely absorbed, oxidized, and excreted in the urine as 
sulfate, where the oral dose may be recovered quantitatively in 
most cases. The absorption and elimination are very rapid, as 
reflected in a marked increase in urinary sulfate within 2 hours. 
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CRITERIA FOR PURITY OF CHLOROPHYLL 
PREPARATIONS* 


By G. MACKINNEY 
(From the Division of Fruit Products, University of California, Berkeley) 


(Received for publication, October 3, 1939) 


It is inevitable that the separation in pure state of substances 
which cannot be purified by recrystallization or by other common 
methods should prove difficult, and that criteria of purity should 
be correspondingly less convincing. The primary purpose of 
this paper is to establish satisfactory criteria for several chlorophyll 
preparations, especially with reference to their absorption of 
light. This is of fundamental importance in assays of pigment 
mixtures by spectroscopic means. In recent years, absorption 
coefficients for the two chlorophyll components have been deter- 
mined by Winterstein and Stein (1), Zscheile (2), Hagenbach, 
Auerbacher, and Wiedemann (3), and Meyer (4). The values 
reported in ‘‘Tabule biologice’’ (5) do not indicate the startling 
lack of agreement which is revealed by the most cursory inspec- 


tion, and because of which a thorough reinvestigation becomes. 


necessary. Several ancillary problems are thereby involved, 
such as preparative procedures, the possibility of more than two 
chlorophyll components, and the removal of impurities and de- 
gradation products. Because the preparation of chlorophyll has 
been fraught with much uncertainty in the past, we offer a brief 
description of the method employed. Although no new principle 
is involved, the procedure is so simplified that we believe the 
uncertainties to have been largely removed. , 


EXPERIMENTAL 
Preparation of Pigment Extracts 


The leaves used in these experiments were maize, wild oats 
(Avena fatua), spinach, alfalfa, and Heracleum. Freshly picked 


*Carried out under the auspices of the Division of Plant Biology, 
Carnegie Institution of Washington. 
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leaves were dried in an air current below 50°, and the dried leaf 
material was then passed through a Wiley mill. Dicotyledonous 
plants must be reduced to a meal in a pebble mill. This is not 
necessary for the monocots, owing to structural differences. 

The ground leaf meal is made into a paste with 80 per cent 
acetone and allowed to steep for 5 minutes. It is then poured 
into a Buchner funnel and filtered with a slight reduction in 
pressure, about 5 cm. The deep green solution is then slowly 
displaced with fresh 80 per cent acetone, about equal in volume 
to that originally applied. 0.5 kilo of leaf meal may thus be 
reduced to a straw-yellow or light brown with a total volume 
of 2 to 3 liters. To the extract is added 0.5 to 0.76 liter of pe- 
troleum ether, b.p. 30-70°. The aqueous phase which separates 
is yellow with grasses, but usually greenish with sunflowers and 
spinach, owing to some hydrolysis. To conserve the chlorophyll 
b, no serious attempt is made (by washing with aqueous methanol) 
to eliminate the chief xanthophyll component lutein at this point. 
When this step was inserted, the yield of chlorophyll b was mark- 
edly reduced. 

The petroleum ether solution is then scrubbed rigorously as 
follows, to remove the acetone. It is allowed to flow by gravity 
from a separatory funnel through a long narrow tube (ca. 0.5 em. 
in diameter'), and gently forced 5 to 10 em. below the surface 
of a water layer in a second larger funnel directly underneath. 
This is accomplished by submerging the lower tip of the narrow 
tube to the desired depth in this water layer. 

The petroleum ether is thus scrubbed as it rises to the surface 
in a fine jet. The jet is controlled by regulation of the flow 
through the stop-cock of the upper funnel, and the danger of 
emulsions is eliminated. By passage through 3 to 4 liters of water 
in a 5 liter separatory funnel, the volume is reduced from 2 or 
more liters, to about 0.75 liter in two to three washings, owing 
to removal of the acetone. Five such steps usually suffice for 
over 90 per cent precipitation of the chlorophyll of large though 
irregular particle size. With this is occluded possibly half the 
xanthophyll present, and some waxy material, depending upon 
the leaf source. 


1 It must encompass the tip of the funnel so that the petroleum ether 
does not come in contact with the rubber connection. 
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Preparations involving 1 to 10 gm. of chlorophyll may thus 
be precipitated in 1 to 2 hours. This crude chlorophyll could 
be further purified by two to three reprecipitations from ether- 
petroleum ether, but this was not profitable for our purposes. 
The crude chlorophyll precipitate in the petroleum ether layer 
was then centrifuged in 250 ml. Pyrex tubes, and the supernatant 
liquid decanted. Under the crust of the pigment sediment, 
there was generally 1 to 5 ml. of water, so the crust was pierced 
and the water also poured out. The tubes with the sediment 
were then dried over P:O; in vacuo. 

Yields varied from about 10 gm. in the case of Heracleum to 
about 2 gm. for maize per kilo of leaf meal. The Heracleum 
and spinach preparations were less friable, owing to the presence 
of some waxes. A much purer product more closely approxi- 
mating the crude chlorophyll of Willstitter and Stoll (6) would 
have been obtained by a talc filtration of the precipitated chloro- 
‘phyll, followed by a brief wash with petroleum ether. This 
would have eliminated all the carotene, hentriacontane and similar 
waxes, and a large portion of the xanthophylls. We wished, 
however, in at least one preparation, to have introduced no filter 
aid or adsorbent which contained ash, and tale in fine suspension 
is not easily removed. In point of fact, particularly with the 
monocots, the preparations were quite friable when dry, and had 
very little carotene, as subsequent adsorption proved. 


Separation and Isolation of Components 


Two variations in Tswett column procedure were tried, with 
the material precipitated as above. (1) Inulin carefully dried 
over P.O; was used exclusively for both chlorophyll @ and b prep- 
arations. (2) Magnesium citrate was used for removing the 
bulk of chlorophyll a, and chlorophyll b was eluted for readsorp- 
tion on inulin. 

With the magnesium citrate (6H,O) the column was cut me- 
chanically, sometimes to remove exclusively the blue zone of 
chlorophyll a, and sometimes to include the light green zone 
succeeding it, which we shall presently show to contain lutein. 
In this event, the eluate, transferred to petroleum ether, was 
washed with small quantities of 85 per cent methanol until the 
upper layer was pure blue. The hypophasic layer on rapid 
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saponification gave a bright yellow ether extract (absorption 
maxima 4750 and 4460 A., in ether). 

An example is given of the second variation in procedure. The 
citrate is used merely to conserve the supply of inulin. The 
steps are the same in both cases. 

0.5 gm. of crude chlorophyll precipitate from alfalfa was dis- 
solved in 75 ml. of ether, and diluted with petroleum ether until 
the ether concentration was 20 per cent by volume. This solvent, 
used by Zscheile (2), was found most satisfactory in increasing 
the speed of the separation. The solution was adsorbed on 
magnesium citrate, 6H,O, previously stored over CaCl, in vacuo. 
Column dimensions were 5 cm. diameter by 30 cm. length. When 
completely adsorbed, the chlorophylls were on the upper third 
of the column. A small dark zone of pheophytin preceded this 
(ca. 12 em. from the surface) and a narrow zone of carotene was 
washed ahead without adsorption. A deep blue zone, about 3.5 
to 4 cm. wide, preceded a light green zone, about 4 cm. in width 
(Zscheile’s component ¢ to be discussed later), and more strongly 
adsorbed was a dark green zone of 1.5 em. width. Above this 
was a light nondescript zone of greenish gray. All zones were 
contiguous except for the carotene. After the column had been 
washed with a total of 0.5 liter of fresh solvent, the pheophytin 
was separated from the blue by a colorless zone of about 2 cm. 
The blue and light green zones then occupied about 12 cm. of 
the length of the column. The total elapsed time was 44 hours. 
The column was then cut with a silver spatula, the top 2 em. 
being discarded. The dark green zone with a small admixture 
of its precursor was removed for subsequent purification of chloro- 
phyll b, and the second fraction included the remainder of the 
light green and all the blue zones. Both fractions were covered 
with acetone and filtered on Buchner funnels, and the pigments 
completely eluted with fresh solvent. 

Isolation of Chlorophyll a—Chlorophyll a was not to be re- 
adsorbed, and so it was centrifuged to insure removal of particles 
of citrate. The pigment (in 300 ml. of acetone) was transferred 
in 100 ml. portions to 75 ml. of petroleum ether, with subsequent 
addition of water each time to remove the added acetone. The 
petroleum ether layer was then washed with five portions of 
15 ml. of 85 per cent methanol. The lower layers, at first a strong 
yellowish green, were finally a pale blue-green. The upper layer 
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in the meantime became an intense pure blue. This layer was 
then washed with water to remove all acetone and methanol. 
After the first washing, there is no danger of emulsion formation 
and the petroleum ether water layers may be shaken mildly. 
The pigment layer immediately loses its blue color and reddish 
fluorescence, becoming a rather dark green. (A drop of acetone 
to the centrifuged mother liquor immediately restores the original 
appearance.) The layer is drawn off into small centrifuge tubes, 
centrifuged, and the precipitate in the tube is dried over P:O; 
in vacuo. The yield of dried blue-black flakes was 0.108 gm. 

Isolation of Chlorophyll b—The chlorophyll b fraction in about 
200 ml. of acetone still contained xanthophyll and séme chloro- 
phyll a. It was transferred to 100 ml. of 20 per cent ether in 
petroleum ether and the acetone removed with four washings 
of water. The pigment layer was then dried? with 2 to 3 gm. of 
anhydrous sodium sulfate for 4 to 5 minutes and decanted onto 
a column of inulin 3 cm. in diameter X 30 cm. in length. After 
the material was washed with about 300 ml. of additional solvent, 
the chlorophyll b zone was about 4 cm. in width, about the same 
distance from the surface, and separated clearly from the blue 
and light green zones by colorless adsorbent. In some cases in 
which the proportion of chlorophyll a to b has not been sufficiently 
lowered by the initial citrate adsorption, the separation is not 
so complete and the chlorophyll b zone must be eluted and re- 
adsorbed on a second inulin column. In this case, the chlorophyll 
b was eluted with acetone, and since it was not to be readsorbed, 
it was centrifuged to eliminate any trace of inulin, precipitated, 
and dried as in the case of chlorophyll a. The time for separation 
on the adsorbent was about 33 hours. The yield of dried greenish 
black powder was 0.048 gm. It should be added that the low 
recovery was in large part caused by our desire for the highest 
possible purity in the end-product. 


Tests for Purity and Absorption Spectra 
The samples listed in Tables I and II were prepared as described. 
No “best’’ sample has been selected, so that variation in values 
indicates only the degree of consistency attained. 
* This step is a convenience, but not essential. Traces of moisture 


prevent strong adsorption of the xanthophyll contaminants, and the inulin 
here need not be quite so carefully dried. 
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The samples were tested for possible loss of phytol, indicated 
when pigment is extracted from ether with 22 per cent hydro- 
chloric acid (6). The test was uniformly negative. 

Cleavage Test— This presented two problems, the first involving 
the best method of carrying out the hot saponification of the 
chlorophyll, the second, a rather precise neutralization of the 
concentrated alkali. Our best results have been obtained when 
the chlorophyll, in solution, and the alcoholic hydroxide were 
heated to boiling, prior to mixing. Under these conditions, 
with dropwise neutralization with concentrated HCl, the pig- 
ments, forced into ether, were extracted readily from it with 5 and 


TABLE I 
Nitrogen and Ash Content of Chlorophyll Preparations 


| 





| Source —_ Ash Adsorbents used 
per cent per cent 
Chloro- Maize 6.20, | Mg citrate, blue zone 
phyll a alone 
Wild oats (6.52 | 4.83 | Inulin exclusively 
Heracleum | 6.27 | 4.44 Mg citrate, blue and 
light green zones 
| Alfalfa 6.15 | 4.55 " ° 
| Theoretical 6.26 4.50 (as MgO) 
Chloro- Wild oats | 6.00 | Inulin exclusively 
phyll b | Spinach 6.03 | 4.63 - - 
Heracleum | 6.44 4.68 | Mg citrate, inulin 
| Alfalfa | 6.12 | 4.46 p he “ 
4 


Theoretical | 6.15 .43 (as MgO) 


9 per cent acids for chlorin and rhodin respectively. The ether 
solution was barely tinted in the case of chlorophyll a, while with 
chlorophyll b, it was virtually colorless. The allomerized material 
remaining in the ether certainly did not represent 1 per cent of the 
total, and probably was formed during the test. 

Allomerization is evident when samples fail to give a satisfactory 
Molisch phase test (7). With alcoholic potassium hydroxide, 
chlorophyll a yields a transitory yellow phase, chlorophyll ), 
a red one, with reversion finally to the original colors. With good 
samples, the colors are pure. The chlorophyll b phase, for ex- 
ample, is reddish brown only if other pigments or impurities are 
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present. The effect of moisture is to make the phase, particularly 
with chlorophyll a, markedly more ephemeral. However, with 


Taste Il 
Specific Absorption Coefficients of Chlorophyll Versus Wave-Length (A) 








Logw k 
: ae! ae Remarks 
Corn | Wald oats \Her l | Spinach | Alfalfa 





6700 | 1.677. «1.724 | 1.672 | 1.630 | 1.660 Steep part of curve 
6630 1.919 1.961 1.923 | 1.904 1.913 | Near maximum 
6400 | 1.073 1.088 | 1.066 | 1.075 | 1.066 Minimum near 6350 A. 
1.050 | 1.047 | 1.038 
1 


6300 | 1.068 | 1.069 1. 

1.199 | 1.209 | 1.196 | 1.193 | 1.181 | Near second maxi- 

mum 

5900 | 0.894 0.878 0.863 | 0.852 0.848 
5800 | 0.922 | 0.982 0.910 | 0.938 | 0.937 | Third maximum 
5600 | 0.663 | 0.712 | 0.684 | 0.663 | 0.666 
5350 | 0.588 | 0.643 | 0.578 | 0.548 | 0.589 | Pheophytin maximum 
5000 | 0.340 | 0.394 0.292 | 0.334 0.314 | Very small - 
4700 | 0.084 | 0.238"; 0.113 | 0.098 | 0.183 | Near minimum 
4300 | 2.006 | 2.048 | 2.036 | 2.016 _ 2.021 | Maximum 
4100 | 1.882 | 1.921 


6150 





| 1.892 | 1.856 1.884 | ™ 


1.024 | Steep part of curve 





6600 | 0.986 | 1.051 

6450 1.755 | 1.697 | 1.707 | 1.700 | Near maximum 

6300 1.185 | 1.174 | 1.168 | 1.163 | 

6200 | 0.928 0.929 | 0.925 | 0.952 | Minimum 

5950 1.061 | 1.052 | 1.045 | 1.045 | Maximum 

5600 | 0.825 | 0.819 | 0.816 | 0.820 | 

5300 | 0.632 | 0.630 | 0.637 | 0.647 | 

5100 | 0.473 | 0.464 | 0.479 | 0.492 | Minimum 

4700 | 1.813 | 1.793 | 1.801 | 1.762 | Steep slope 

4550 | | 2.172 | 2.170 | 2.158 | 2.143 | Maximum 

4350 | | 1.758 | 1.778 | 1.765 | 1.773 | . 

4300 | 1.743 | 1.769 | 1.753 | 1.756 | Chlorophyll a maxi- 
| | | mum 





*The minimum in this sample lies between 4750 and 4800 A., at about 
4760 A. In all the others, it is between 4750 and 4700 A., at about 4720 A. 


anhydrous alcohol and sodium hydroxide, the yellow phase of 
the alfalfa chlorophyll a was found to persist as a pure yellow 
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for over 2 minutes. After 3 minutes, it was greenish yellow, and 
fully 5 minutes were required before the solution began to resemble 
the blue of the original. The red phase of chlorophyll b was not 
markedly longer, but faded more imperceptibly to reddish brown, 
brown, and green. 

Analytical Data—On eight of the nine preparations, nitrogen 
determinations and some ash analyses were made by Mr. H. W. 
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Fic. 1. Absorption coefficients of chlorophyll as a function of wave- 
length. The ordinate measures the values of logio k; the abscissa, \ in A. 


Milner. These are listed in Table I, where in the last column 
brief reference is made to the adsorbents used in the preparation. 
The analyses were made in accordance with the rigid directions 
of Stoll and Wiedemann (8). 
In the case of wild oats, Heracleum, and alfalfa, both compo- 
nents were prepared from single samples of crude chlorophyll. 
For the absorption spectra, approximately 2 mg. of a preparation 
were accurately weighed and dissolved in acetone which had been 
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dried and redistilled over CaO in an all-glass still. The trans- 
missions were measured at two levels, about 20 mg. per liter and 
2mg. per liter. These concentrations together covered adequately 
the range 4000 to 7000 A. over which measurements were made 
on the spectrophotoelectric equipment constructed by Smith 
(9). The specific absorption coefficients have been calculated 
from these measurements. In Fig. 1, the average values of the 
coefficients are plotted as a function of wave-length, and in- 
dividual measurements are shown for certain wave-lengths in 
Table II. 
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DISCUSSION 


Preparation of Pigment Extracts—Plunging the leaves into hot 
water is necessary to conserve certain of the xanthophyll fractions 
(10) but is not to be recommended for chlorophyll extraction. 
In leaves of acid sap, much pheophytin may be formed, and in 
others, hydrolysis, i.e. loss of phytol from the chlorophyll, may 
occur. This is demonstrated with several species of leaves, 
e.g. sunflower, spinach, and Heracleum, at certain seasons, if held 
in a water bath at 70-80° for 10 to 20 minutes. Solvent extrac- i 
tion of fresh leaves, furthermore, is far from suitable in several 
eases. The leaves must be dehydrated with acetone before the . 
pigment can be extracted, and aqueous acetone is therefore in : 
contact with the leaf material for a half hour or more before ! 
extraction is complete. With leaves rich in chlorophyllase, chloro- 
phyll losses are not inconsiderable.* Dehydration of fresh leaves 
at temperatures of 50° or less is therefore in many instances the 
safest procedure, as well as the most sparing for solvents. 

Isolation of Chlorophyll Components—In the method of Will- 
stiitter and Stoll (6), an invaluable step is the precipitation of . 
crude chlorophyll from petroleum ether solution. We have 
retained this step, which becomes even more crucial in our estima- i 
tion, in the final preparation of the individual components. Our 
crude preparations are not so pure as those of Willstétter and : 
Stoll at this point. In our view, separation of chlorophyll 6 
and lutein by partition between solvents is not feasible without ; 
heavy losses, so we do not attempt to remove xanthophylls by 





* This topic is under investigation by C. A. Weast of the Division of Fruit 
Products, and we hope shortly to deal more adequately with this phase. ‘ 
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washing with aqueous methanol. Our crude precipitates were, 
however, on occasion dissolved in ether and precipitated with 
petroleum ether, and no difficulty was experienced in this step. 
Willstitter and Stoll (6) then isolate the two components by 
partition between solvents. The chlorophyll a is obtained by 
precipitation from a beautiful deep blue solution ((6) p. 164) 
and the tests applied ((6) p. 165) are convincing evidence of 
its purity. Their chlorophyll b preparation is possibly less satis- 
factory. Stoll and Wiedemann (11) have replied to the criticism 
(1, 2) that it may contain 10 per cent chlorophyll a as an impurity. 
Nevertheless the method is time-consuming, and we may antici- 
pate traces of impurities such as the pheophytins or chlorophyllides 
which would introduce some uncertainty in the nitrogen and ash 
contents, and even greater error in the more sensitive absorption 
measurements. The Tswett column therefore becomes in- 
evitable. 

Our preference for inulin over sucrose (1) or tale (2) is based 
on the fact that when most of the chlorophyll a has been separated 
by a preliminary adsorption, the chlorophyll b zone containing 
traces of the other pigments may be readsorbed on a fresh column 
and obtained as a discrete zone entirely separated from the others. 
There is therefore no ambiguity as to zones of intermediate 
composition. 

Crude extracts may be used directly on inulin, but owing 
to its cost, we precipitate the chlorophyll first as already described, 
removing many impurities, thereby reducing by nearly one-half 
the quantity of adsorbent required. As an alternative procedure 
for the preliminary removal of the bulk of chlorophyll a, mag- 
nesium citrate is used, the inulin being reserved for final purifica- 
tion of chlorophyll 6. Several adsorbents give results similar 
to the magnesium citrate, but in common with it, most of them 
adsorb the chlorophyll b zone too strongly for effective separation 
from the last traces of chlorophyll a and other colored impurities. 


Of these, corn-starch may be the most promising when conditions ~ 


are carefully standardized. 

Chlorophyll c—Very early in these experiments it was noted that 
carotenoid adsorption was intimately related to the water content 
of the adsorbent. Magnesium citrate may be obtained containing 
from 0 to 14 molecules of water of crystallization. Prepared 
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from citric acid and magnesium carbonate, it contains between 
6 and 7 molecules of water. Exposed to air, it readily takes up 
1 more H,O; dried over CaCh in vacuo, it consistently gives 
a product of composition 6H,O, and over P:O;, 5H,O. The 
carotene may in all three cases be washed through a column of 
magnesium citrate with virtually no adsorption. However, the 
main xanthophyll component, presumably lutein, behaves very 
differently. On magnesium citrate with 6H,0 or less it is adsorbed 
rather more strongly than chlorophyll a, from petroleum ether 
solution, and the chromatogram gives three zones, dark green, 
light green, and blue, identical with Zscheile’s illustration ((2) 
Plate X). If dichloroethane be now added, and the column is 
of adequate length, the intermediate zone (chlorophyll ¢ in 
Zscheile’s nomenclature) is slowly washed through the blue chloro- 
phyll a, eventually appearing as a discrete bright yellow band 
below the blue zone. The width of the chlorophyll c zone may 
be modified at will, by selection of the proper adsorbent. The 
appearance of the yellow zone in the blue chlorophyll a necessarily 
yields a green color. If we start with magnesium citrate of com- 
position 7 to 8H,O, the lower zone appears light green ab initio, 
with a bright yellow fringe at the bottom, and the yellow will 
separate completely below the blue merely by washing with 
petroleum ether, without recourse to dichloroethane. 

It has long been recognized (12) that for effective adsorption 
of xanthophylls, the adsorbent must be carefully dried, or the 
adsorption is but weak. We have here an interesting reversal 
of position on a column, not between members of the same chemi- 
eal group, it is true, but between a carotenoid and a chlorophyll, 
dependent only upon the moisture content of the adsorbent, or 
upon the solvent employed. The effect is even more striking 
when the magnesium citrate (5H,O) is employed. 

We were unable to obtain as effective a tale preparation as 
Zscheile (2) used, but it was possible to demonstrate adsorption 
of carotenoid above the blue zone when a petroleum ether crude 
leaf extract was adsorbed on Merck’s tale dried 12 hours over 
CaCl, in vacuo. This was shown by saponification of eluted 
pigments, when an ether extract became bright yellow. In our 
experience lutein cannot be separated from chlorophyll b by 
partition between solvents. If the alcoholic phase is sufficiently 
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concentrated to effect a reasonable (90 to 95 per cent) removal of 
xanthophylls, there are unavoidable and heavy losses of chloro- 
phyll 6. The fact that Zscheile’s 10 month-old preparation of 
chlorophyll c does not behave as a simple mixture of chlorophylls 
a and b, whereas the 24 month-old sample does ((2) p. 559), may 
therefore be ascribed to xanthophyll decomposition on storage. 
It is not clear why Zscheile, testing for carotenoids, permitted 
some hours to elapse ((2) p. 549) in a cold saponification of the 
chlorophyll. It seems the cause of his failure to find carotenoid 
contaminants. Similar materials may exhibit such large differ- 
ences in their properties as adsorbents that it would be rash 
categorically to assert that ours is the explanation of Zscheile’s 
chlorophyll c. We have nevertheless observed a phenomenon 
apparently identical with that described by Zscheile, and our 
explanation is based on radically different grounds. 

Criteria of Purity—On the basis of tests for chlorophyllides, 
allomerization, and homogeneity on the Tswett column, the re- 
spective preparations of the two components were sdentioal, nor 
can serious exceptions be taken to any of the analytical results 
which indeed compare favorably with results from other labora- 
tories. In considering next the accuracy of the measurements 
in Table II, we may briefly consider certain factors. Smith (9) 
has shown that transmissions are measured accurately within 1 per 
cent. With slit widths on the monochromators of 0.07 mm., a 
spectral region of about 13 A. is isolated in the region 6600 ‘A 
By interpolation, we may estimate the positions of the maxima 
in this region with an uncertainty of not over +7 A. The values 
of the absorption coefficients (in liters per gm. cm.) have for con- 
venience been grouped into three categories, the maxima, the steep 
portions of the curve, and the region of low absorption. From 
Table II, the average values for logio k for chlorophyll a at 6630 
and 4300 A. are 1.925 and 2.025. The greatest single variation 
here is 0.057 logarithm unit at 6630 A. for wild oats and spinach. 
This is an uncertainty of +7 per cent in the coefficient itself. At 
4300 A. the greatest variation is 0.042 unit or +5 per cent. The 
mean deviations of the average for the above wave-lengths are 
0.015 and 0.013. These correspond to uncertainties of +18 
per cent and less. One may therefore expect the values at these 
wave-lengths for any individual preparation to deviate by not 








SS ane ef we ea Oe Oe OUe em CL ee 


@Seescwnwuwsas 











G. Mackinney 103 


more than 3 per cent from the average. Similarly with chloro- 
phyll b, the averages at 6450 and 4550 A. are 1.715 + 0.01 and 
2.161 + 0.005 respectively. The latter value was remarkably 
reproducible, and the smaller band at 4350 A. was scarcely more 
than a point of inflection in the curve, and the absence of a band 
near 4300 A. indicated satisfactory removal of chlorophyll a. 

The values in regions of rapidly changing absorption show no 
unreasonable errors. For example, at 6600 A., the various chloro- 
phyll 6 preparations show a maximum deviation of 0.065 unit, 
or 16 per cent. From 6700 to 6500 A. however, the coefficient 
increases approximately 20 times. An error therefore of +8 
per cent on either side of the average is not significant as between 
different preparations. For individual samples, there is no sug- 
gestion of a break in the curve at 6600 A. Graphically a break of 
0.05 logarithm unit would be perceptible at this point, and we 
may calculate that this would mean about 6.5 per cent chlorophyll 
ain the sample, which cannot be the case, because not only does 
it fail to show in the chemical tests applied, but also in the ab- 
sence of increased absorption at 4300 A. 

The minima are less satisfactory in the region 5100 to 4700 A, 
particularly in the case of chlorophyll a. 1 per cent of carotenoid 
would have the effect of inert non-colored impurity in the regions 
of high absorption for chlorophyll a, but would significantly mod- 
ify the value at the minimum, near 4720 A. Furthermore, to 
obtain the same accuracy as in the case of the maxima, concen- 
trations of 50 to 100 mg. per liter should be used in this region 
of high transmission. Unfortunately with a 25- to 50-fold varia- 
tion in concentration, the uncertainty appears to be doubled. It 
will require a more exhaustive study to determine whether there 
are small deviations in Beer’s law over this concentration range. 
The uncertainty at 4700 A. for chlorophyll a is therefore approxi- 
mately 0.05 unit. 

It is a priori most likely that the major part of these varia- 
tions must be ascribed to impurities, and this would seem to be 
particularly true of the chlorophyll a from wild oats. On the 
basis of its high nitrogen content, a calculation indicates 6 per 
cent of phytol-free derivative. Assuming that the molar absorp- 
tion coefficients of chlorophyll and chlorophyllide are equal at 
6630 A. we may calculate about 8.6 per cent of the sample to be 














104 Purity of Chlorophyll Preparations 


chlorophyllide. This would have been detected in the HCI test. 
The effect of phytol on the absorption spectrum of chlorophyll 
has not yet been thoroughly evaluated, as pointed out by Stern 
and Wenderlein (13), so that in spite of some uncertainty, we have 
felt it inadvisable to exclude this preparation from the average. 
To this may be added the point that grasses are ordinarily defi- 
cient in chlorophyllase, so that the presence of chlorophyllide is 
not to be anticipated. 





























Taste III 
Comparison of Coefficients of Chlorophyll Components 
This laboratory 
In benzene ¢, Winterstein and Stein . ———. 
| maximum . 
" =| a —_- 
Chlorophyll a 139 X 10° | 6650 | 164.5 X 106 
220 X 10 | 4330 212 x 103 
Chlorophyll 6 110 X 10° 6450 123 X 108 
350-360 < 10°* 4580 326 X 10° 
Hagenbach et al. This laboratory 
In ether Ae ccna 5 AI aT be. | 
r Log« r | Loge 
Chlorophyll a 6556 (maximum) | 4.859 6600 | 5.246 
4307 . | 5.155 4300 | 5.350 
4736 (minimum) | 3.405 4750 3.420 
Chlorophyll 6 6376 (maximum) | 4.857 6425 | 5.061 
4499 < | 5.321 | 4530 | 5.498 
5101 (minimum) | 3.530 | 5100 | 3.769 








* This value is given by the authors. The others are computed from 
their curves ((1) Fig. 1). 


We believe therefore that the averages of the coefficients are 
accurate within +2 per cent over the greater part of the range 
studied. In regions of high transmission and where change is 
rapid, this uncertainty should be approximately doubled. No 
individual preparation deviates from the average in regions of 
high absorption by more than about 3 per cent. 

Comparisons with Other Laboratories—We have used acetone in 
preference to ether or benzene, because this solvent is applicable 
to routine work, and furthermore the other solvents must be used 
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immediately after elimination of peroxides. For utilitarian rea- 
sons, we have reported the specific absorption coefficients k,‘ in 
Table II and Fig. 1, as logio k, because in this way the charac- 
teristic curve for the pigment is demonstrated regardless of con- 
centration, unless of course Beer’s law is not obeyed, and, in addi- 
tion, differences in the absorption in the range of high transmission 
in the green are more clearly illustrated. For our comparisons, 
however, with benzene the results are based on ¢, the molar coef- 
ficient with the logarithm to base e, and with ether, results are 
reported as logio ¢, thereby conforming with procedures of other 
laboratories. Comparisons are shown in Table III. 

There can be little doubt that the pigments prepared in this 
laboratory are essentially similar to those of Winterstein and 
Stein (1) and Zscheile (2). The ratios of red to blue maxima 
are, however, higher in our preparations. Thus for chlorophyll 
a we find (164 X 10*)/(212 X 10°) = 0.77; similarly for chloro- 
phyll b we obtain 0.38. We calculate Zscheile’s values to be 
0.76 and 0.35 respectively, and for Winterstein and Stein 0.63 
and 0.31. The blue maxima are undoubtedly exceedingly sensi- 
tive to traces of xanthophyll, and the red maxima are rendered 
less sharp and more diffuse, owing to small displacements of the 
band, if traces of breakdown products are present. We agree 
with Zscheile in finding no band at 6200 A. for chlorophyll b, 
but instead a minimum. Our chief divergence with Zscheile is 
quantitative, our coefficients being higher. This may be due to 
a more effective removal of colorless impurity, or to spectroscopic 
technique. The fair gross agreement with Winterstein and Stein 
is marred in minor details, and in the rather large discrepancy in 
red and blue maxima ratios already noted. 

All three groups are markedly divergent from the preparations 
described by Hagenbach et al. (3). In ether, their chlorophyll 
a@ maximum is at 6556 A. (cf. Zscheile 6600 A., Winterstein and 
Stein 6630 A., and ourselves 6615 A. (by interpolation)). A 
similar discrepancy is to be noted with chlorophyll b. Further- 
more, in the regions 5500 to 4900 A. for chlorophyll a and 5800 
to 5400 A. for chlorophyll b, their curves resemble plateaus with 
small peaks. With ether, acetone, and also dichloroethane (15) 
we have found a rapid falling off in absorption, in spite of minor 


* This is in accordance with Brode (14). 
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bands. Finally, Hagenbach et al. are alone in finding the coeffi- 
cients for chlorophylls a and b to be equal at their respective 
maxima in the red. Whatever, therefore, the initial purity and 
homogeneity of their preparations, the pigments whose absorp- 
tion is reported are substantially different from those of the 
other laboratories. 

The results reported by Meyer (4) give emphasis to this view, 
because he used, in common with Hagenbach et al. (3), components 
purified by Stoll. His curves ((4) Fig. 3, p. 362) are more in 
keeping with ours, qualitatively, although there are many serious 
differences. Thus the minimum for his chlorophyll } lies at 
about 5250 A, for chlorophyll a about 5000 A. (cf. ours at 5100 
and 4750 A. respectively). This plays an important part in 
determining whether solutions are yellow-green and blue-green, 
or pure green and pure blue, respectively, as is the case with our 
preparations. The log « values reported by Meyer for chloro- 
phylls a and 6 at their respective red maxima are about 4.6 and 
4.3 (cf. Hagenbach et al., 4.859, 4.857). As between maxima and 
minima, log « (red maximum) — log ¢ (green minimum) for chloro- 
phylls a and b, Meyer’s differences are about 1.2 and 0.6 respec- 
tively (cf. ours, 1.846 and 1.292). 

Meyer finds a considerable discrepancy between the absorption 
spectra of the preparations received from Stoll and that of “na- 
tive” or crude chlorophyll. When the curve for a 9:1 mixture of 
chlorophylls a and b is calculated by Meyer and compared with 
that for the crude material, agreement is good from 6800 to 5600 

The former gives rise to a definite band (maximum about 
5350 A), where log ¢ values are about 0.2 unit higher than for the 
crude material. Meyer shows that this cannot be accounted for 
by carotenoids. He is led, in our opinion, to an untenable dedue- 
tion that “native” chlorophyll differs from “pure” preparations, 
as generally accepted from the descriptions of Willstatter and 
Stoll (6). He has noted that the “native” chlorophyll solutions 
are slowly converted, on standing, into the “pure’’ chlorophylls, 
as shown by a study of their absorption spectra. He has not 
shown that the fault does not lie with his standard “‘pure” sam- 
ples, and our confidence in these is severely shaken by his failure 
to explain the extraordinary differences between his results and 
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those of Hagenbach et al. (3), when both groups worked with 
Stoll’s preparations. 

We have been able to duplicate the absorption spectrum of 
various leaf extracts with “synthetic” mixtures of crude chloro- 
phyll (7.e. the chlorophyll a and 6b mixture), carotenoids, and in 
special cases, with admixtures also of pheophytin. This forms a 
quite important check on our criteria for determining whether 
there have been significant changes in the isolated components as 
compared with their condition in the crude extract. This check 
was carried out with the visual Bausch and Lomb Universal 
spectrophotometer. The results are not directly comparable with 
those reported here because of differences in slit widths, ete., but 
we may find a more direct check with the same photoelectric 
photometer in the work of Strain ((10) Figs. 20 to 22). Here 
Curve I, representing total ether-soluble pigments, is qualitatively 
similar to the curve for Meyer’s “native” preparations. Elimi- 
nation of carotenoid absorption gives rise to Curve II, total 
chlorophyll, or more appropriately total residual green pigments. 
The relation of this Curve II to our curve for chlorophyll a is 
what we can predict from the presence of some chlorophyll 6 
in Strain’s crude extract. However, in spite of the chlorophyll 
b present, Curve II appears to represent a purer chlorophyll a 
spectroscopically than does Meyer’s standard chlorophyll a prepa- 
ration. This necessarily casts doubt on Meyer’s values for his 
standard. 

Spectroscopic Measurement of Chlorophyll Content—The sensi- 
tivity of the spectroscopic method to minor changes in the struc- 
ture of the pigment molecule will be invaluable as a criterion of 
purity, when certain preparations are accepted as standard. The 
worker desirous of selecting a standard has four sets of data now, 
wholly incompatible with each other as a basis for accurate assay, 
by spectroscopic means. The applicability of the coefficients to 
this end must form the subject matter of a study in the future. 
Results must be checked against the chlorin-rhodin method of 
Willstatter and Stoll, and on a larger scale against chemical 
methods, such as magnesium analyses. Comparative results by 
spectroscopic means have much greater significance. The rapid 
extraction of material from a particular plant with acetone or- 
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dinarily yields a remarkably reproducible extract for that plant. 
Differences in absorption at a number of wave-lengths are usually 
constant for different preparations within the limit of the spec- 
troscopic method. They are then directly related to the concen- 
trations of pigment. If, however, they are not constant, there is 
the possibility of degradation products or a change in the chloro- 
phyll a to chlorophyll b ratio (15). 


SUMMARY 


In this paper we report the values of absorption coefficients for 
several preparations of chlorophylls a and 6. The coefficients 
from five different laboratories are so incompatible that their 
application to spectroscopic assay of the green pigments is useless, 
until independent verification yields acceptable standards. As an 
aid to this, and to the correct evaluation of our preparations, we 
consider methods in some detail, our procedure being consider- 
ably simplified. This is particularly true of the step involving 
the precipitation of chlorophyll from petroleum ether. 

As criteria for purity, correct analyses and the various tests, 
phase, cleavage, etc., are of course essential. When we then 
apply the highly sensitive spectroscopic method, we find, in the 
last analysis, that purity is assured only when the pigment is 
homogeneous and forms an entirely separate zone on the Tswett 
column. The means to this end depend on the selection and 
standardization of the adsorbent. 


In the foreword to a recent monograph by Dr. Strain (10), 
Dr. Spoehr has pointed to the closely cooperative nature of the 
research on the plastid pigments at the Carnegie Institution. 
It must be obvious to the most casual reader that the author 
has benefited to the greatest extent from the facilities available 
and the courtesies and suggestions offered at all times. 
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II. ACTIVITY IN MULTILAYERS 


By WILLIAM D. HARKINS, LYMAN FOURT, anp 
PRISCILLA CHINN FOURT 


(From the George Herbert Jones Chemical Laboratory of the Universily 
of Chicago, Chicago) 


(Received for publication, October 25, 1939) 


The use of enzyme proteins as antigens offers an opportunity to 
investigate the nature of the antigen-antibody union from the 
point of view of its effect on the enzymic activity. Kirk and 
Sumner (1) found that the compound urease-antiurease retained 
its activity, and Campbell and Fourt (2) found a similar activity 
of the catalase-anticatalase compound. In each case the resus- 
pended precipitate, although active, was less active than the 
corresponding amount of dissolved enzyme, a decrease attributed 
to decrease in dispersion. Campbell and Fourt found hardly 
any loss of activity if the mixture of antigen and antiserum was 
diluted directly, and a variable loss if the precipitate was resus- 
pended by ordinary shaking and stirring after having been 
centrifuged down. Although there was evidence against the 
dissociation of the precipitate, this evidence had to be obtained 
by extrapolation from the strong solutions in which complete 
precipitation was obtained to the dilute suspensions in which the 
activity was measured. The possibility of dissociation in the 
dilute reaction mixtures could not be ruled out. 

An observational check on dissociation is afforded by the use 
of Langmuir and Blodgett’s multilayer techniques (3). Lang- 
muir and Schaefer with Dr. E. F. Porter (4) found that alternate 
layers would deposit onto a conditioned multilayer plate from 
solutions of diphtheria toxin and antitoxin, and similar observa- 
tions have been made for other antigen-antibody pairs (5-8). 
These depositions show a specificity in general similar to that of 
the precipitin reaction. Thus, if the treatment with catalase or 
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antiserum is repeated, the net change of thickness is small com- 
pared to the original change; alternation of reagents is required 
for large gains. Only anticatalase serum gives a large deposit on 
catalase ; normal or non-specific sera give no or comparatively small 
increments. We have examined the enzymic activity of catalase 
alternating with anticatalase on such plates. Here the dissocia- 
tion would be revealed by a loss of thickness and a liberation of 
enzyme into the solution. These experiments also bear on the 
problems of the structure of the alternating protein multilayer 
itself. 


EXPERIMENTAL 
Method 


The technique of preparing the plates and measuring the thick- 
ness has been described by others (7, 3). Thorium nitrate was 
used to prepare the plates for adsorption, and distilled water for 
washing off excess reagents. The catalase activity is measured by 
the method of von Euler and Josephson, as specified before (2), 
the only difference being the omission of 0.9 per cent sodium 
chloride from the reaction mixture. The chromium-plated strip 
on which the multilayer was deposited was introduced into 50 ml. 
of ice-cold reaction mixture, and used like a teaspoon to keep the 
solution well stirred and itself more free from bubbles. After 
the plate was removed, further samples were taken to determine 
the amount of catalase activity liberated into the solution by 
dissociation or solution off the slide. The thickness of the slide 
was again measured, and the plate tested with a new reaction 
mixture. The catalase and anticatalase were prepared as in 
previous work (2), the anticatalase by Dr. D. H. Campbell. 


Results 


Alternation of Catalase and Anticatalase—The alternate deposi- 
tion of catalase and anticatalase, up to five complete pairs of 
layers, is shown in Fig. 1. The points are grouped to show the 
frequency of any given value, rather than in sets of two or three 
as originally obtained from the measurement of successive steps 
on the same slide. The first layer of catalase produces a median 
change of 53 A., and the following anticatalase layer, 56 A. 
Thereafter catalase layers of 10 A. or less net change alternate 
with anticatalase layers of A thickness between 40 and 50 A. 
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Fic. 1. Thickness measurements of alternating layers of catalase and 
anticatalase. The ordinate scale gives the change in A. produced by each 
treatment. The letters along the top indicate that solutions of catalase 
(C) or anticatalase serum (A) were applied to the plate; the structure of 
the protein multilayer is shown at the bottom. The open circles indicate 
individual measurements of catalase A thickness; the solid circles, of anti- 
catalase. The open triangles mark the change of thickness after reaction 
with hydrogen peroxide; the solid triangles show the further change with a 
second period of reaction. 


Change of Thickness during Reaction—The triangles in the lower 
part of Fig. 1 show the changes in thickness after 7 or 8 minutes 
immersion in 0.008 m hydrogen peroxide solution buffered at 
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pH 6.8 by 0.04 m potassium phosphate. The open triangles give 
the change in the first reaction mixture, the solid ones the change 
upon retrial. The losses are small and quite uniform in every 
case, the medians falling between 4 and 9 A. 
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Fic. 2. Enzymic activity of adsorbed catalase and catalase-anticatalase. 
The ordinate scale represents activity (K persq.cm.). The different divi- 
sions give the activities of multilayers of the structure indicated at the 
bottom by C for a layer of catalase and A for one of anticatalase. The 
open circles are for the first trial of activity; the solid circles for another 
trial in a new lot of reaction mixture. The triangles show the activity 
left in the reaction mixture after the removal of the multilayer plate. 


Activity in Multilayers—The activity per sq. cm. for the different 
layers of catalase and anticatalase is shown by the circles in 
Fig. 2. The activity is defined by the equation, 


1 a 
K w -} 
<4 


in which ¢ is the time from the start of the reaction (5 minutes) 
and a and b are the amounts of potassium permanganate used in 
titration of a blank and of the sample taken at the time ¢ respec- 
tively. The relative uniformity of the activities is the fact most 
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to be noted; two layers of catalase are no more active than one, 
and catalase covered by anticatalase is hardly less active than 
exposed catalase. In every case, the activity found on a second 
trial (solid circles) is less than that of the first trial (open circles). 
Samples taken at different periods in a given trial showed rather 
uniform activity. 

Shedding of Catalase—The triangles in Fig. 2 give the activity 
left behind in solution, per sq. cm. of plate. In every case this is 
small compared with the activity of the plate, even on its second 
trial. The nature of the outer layer has a characteristic corre- 


TaBie | 
Effect of Reaction on Thicknesses of Subsequent Layers 


C indicates a layer of catalase, A of anticatalase, and R that the layers 
up to this point were allowed to react with hydrogen peroxide. 


Structure of multilayers | Layer in question | Median thickness | P#fect of reaction 





on thickness 
| A. | 
/A A 56 
“ R,A " 33 Reduction 
7 4G C 6 
se tk R, Cc “ce | 15 | ? 
en a a A | 43 
or a ae we 25 | Reduction 
Te a R, e. “ “ 30 “ 
o“ @ A c | 8 | 
-_ 2. R, Cc “ | 13 | ? 


lation with the amount of activity which shed; almost no catalase 
is liberated if the outer layer is anticatalase, but an appreciable 
amount if it be catalase. 

Effect on Sandwiching—The alternation of layers continues after 
a layer has been allowed to react with hydrogen peroxide, but 
with not as large a A thickness. Table I shows that the effect 
of the reaction is to reduce the thickness of subsequent layers of 
anticatalase. The changes in the catalase thicknesses are too 
small to interpret. 

Aging—On standing in air overnight, the plates lose the ca- 
pacity to react with further layers of catalase or anticatalase, 
and show no activity with hydrogen peroxide. 
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DISCUSSION 


The experiments favor the conclusion that the undissociated 
catalase-anticatalase compound shows enzymic activity. A 
necessary qualification is that the union of the two materials on 
the plates may not be identical with the combination resulting 
from mixture in solution. Thus, if the reagents are multivalent 
with respect to each other, as has been proposed by Marrack (9) 
and Heidelberger and Kendall (10), it may be that the spatial 
restraints imposed by close packing in a plane may prevent maxi- 
mal combination. However, the specificity (4-8) shown in the 
deposition of these layers on the plates may be taken as evidence 
that the union is of the same type as in the precipitin reaction. 

A comparison of the activity of the adsorbed enzyme with the 
activity in solution is possible. The Kat. f. (defined as K per gm.), 

TaBLe II 
Activity of Adsorbed Catalase 


Kat. f. Per cent 


Reaction K per sq. ; yl eg 
Layer (or K pe ctivity 
No. —_ "ons . yn hy 
te are | |—_—_—_— 
Catalase 1 0.0019 2600 | 21 
2 0.0009 | 1200 10 
Catalase-anticatalase 1 0.0011 1500 12 
2 


0.0005 | 700 | 6 


of this particular enzyme preparation, measured in solution, for 
a reaction period of 5 minutes, was 12,400 + 400. A Kat. f. 
can be computed for the adsorbed enzyme, by multiplying its 
volume (area of plate times optically measured thickness) by the 
density, taken as 1.33. When a layer of catalase alone is com- 
pared with a layer of catalase covered by anticatalase, the thick- 
ness of the catalase alone is used in each case. The results com- 
puted from median values are given in Table II. 

This shows that the activity per gm. of adsorbed catalase is 
only a fifth to a tenth of that in solution. This can only be re- 
garded as a tentative value, for two reasons: (1) The Kat. f. 
in solution is lower than for some solutions of crystalline catalase, 
which indicates the presence of denatured protein or an impurity 
which might be preferentially adsorbed, reducing the activity on 
the plates. (2) The effect of drying and aging may have impaired 
the activity, independent of the effects of adsorption alone. 
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We have not attempted to compute a Kat. f. for the experi- 
ments with more than one layer of catalase, because of the un- 
certainty as to how much catalase is present. The net change of 
thickness for catalase layers on anticatalase is around 10 A. 
instead of the 53 A. of the initial layer. The fact that catalase 
is lost from the plates into the solution when the last treatment of 
the plates was with catalase and is hardly shed at all when the 
last treatment was with anticatalase indicates that the layers of 
material really do alternate. On the simple assumption that there 
is a second layer of catalase of the same thickness and activity 
as the first layer the Kat. f. would be reduced one-half, since the 
activity, as shown in Fig. 2, is about the same. 

It is rather puzzling that a layer of catalase which can react with 
hydrogen peroxide, even though it is covered with a 56 A. layer of 
anticatalase, does not add its activity to that of the outer layer 
of catalase. This would suggest that the outer layer might really 
be an inactive, thin layer, were it not for the evidence from the 
loss of activity into the solution. The apparent activity of only 
the outer layer might be explained by a failure of any substrate 
molecules to penetrate past it to the lower layer. 

Langmuir and Schaefer (11) have experimented with catalase 
layers picked up on multilayer plates after spreading at the air- 
water interface. The data are not available to compute Kat. f. 
or K per sq. cm. values from their work. Similar experiments 
made in this laboratory have given values of K per sq. em. running 
through the same range as that found for the layers adsorbed from 
solution. This is somewhat surprising, since Langmuir and 
Schaefer have come to doubt that any enzymic activity would be 
shown by a completely spread protein. The observed activity 
they attribute to immeshed, unspread molecules. This would 
lead one to expect a higher activity for layers of molecules ad- 
sorbed from solution than for layers of more or less completely 
spread molecules. The point is one of importance, and cannot 
be considered settled on the basis of the few experiments so far 
performed. 

Langmuir and Schaefer noted a removal of the catalase from 
areas of the plate on which bubbles were allowed to form. The 
losses of thickness which we have noted were uniform over the 
whole plate. This difference probably has its explanation not 
only in the difference in modes of deposition, but also in our use 
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of 0.008 m hydrogen peroxide instead of 3 per cent (0.9 m), and 
our attempt to dislodge the bubbles as rapidly as possible. 


SUMMARY 


1. The undissociated compound of catalase and anticatalase, 
as formed by alternate deposition in Blodgett-Langmuir-Porter 
multilayers, shows only slightly lower activity than adsorbed 
catalase alone. 

2. The activity per gm. is tentatively estimated at one-fifth 
to one-tenth of that in solution. 

3. The total activity does not increase with two layers of 
catalase on the plates. This suggests a failure of the substrate 
to get past the first active layer. 

4. The activity of catalase layers picked up after spreading at 
the air-water interface runs through the same range as that of 
layers deposited from solution. 

5. There is a small loss of material on exposure to the reaction 
mixture. When the outermost layer is catalase, some enzyme is 
liberated into the solution, although this activity is small com- 
pared with the total. An outer layer of anticatalase permits 
almost no loss of activity into the solution. This shows that the 
materials really do alternate in layers in the order of the treat- 
ments, even though the measured changes of thickness are differ- 
ent from the thicknesses of the initial layers. 
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The form in which bilirubin exists in the blood is of considerable 
interest because of the observed differences in the van den Bergh 
reaction in disease and because of the relation of bilirubin to 
hemoglobin metabolism. 

All of the bilirubin in plasma reacts in 30 minutes with diazo- 
nium salts in acid 50 per cent methy! alcohol to give a red dye (1). 
A variable fraction of the total reacts with varying rapidity in 
aqueous acid (“direct”’ reaction). Clinically the size of this frac- 
tion is of some diagnostic value in distinguishing obstructive from 
hemolytic jaundice. 

Nearly all of the many theories propounded to explain the dif- 
ferences among plasmas from cases of jaundice in the percentage 
of the total bilirubin which reacts in aqueous acid can be divided 
into two classes, (1) those which postulate that the bilirubin not 
reacting in aqueous acid is prevented from doing so by a definite 
valence bond to a fraction of the plasma proteins presumably 
derived from hemoglobin, and (2) those which postulate that 
catalytic or inhibiting substances present in various amounts 
produce variations in the per cent of bilirubin giving the direct 
(aqueous) reaction. Most of the experiments designed to support 
the latter type of theory have been synthetic, involving the con- 
struction of models apparently duplicating, by the use of catalysts, 
the effects observed in naturally occurring jaundiced plasmas. 

The following experiments are an attempt at an analytical solu- 
tion of the problem by means of the accurate and convenient 
plasma bilirubin method of Malloy and Evelyn (1). They appear 
to show, to the exclusion of the second type of theory, that in the 
plasma from jaundiced patients the bulirubin not reacting in 
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aqueous acid is attached by a definite valence linkage to a fraction 
of the plasma proteins. 

Cataphoresis—The following experiments show quantitatively 
that all of the bilirubin is attached to the plasma albumin in 
jaundiced plasma and moves with it in an electric field. 

It has been shown qualitatively that the plasma bilirubin is 
attached to the plasma albumin (2, 3). Table I shows the results 
of quantitative experiments in which 2.00 cc. samples of oxalated 
human plasma of high bilirubin content are subjected to cata- 


TaBie I 
Recovery of Albumin and Bilirubin after Cataphoresis 











| Original plasma Cataphoresis fluid 
Sample | Albumin Bilirubin | Total | Albumin | Total bette 
globulin | bilicabin “Girest albumin | globulin bilirubin | giving 
ratio | reaction beeen ratio [oerenes —— 
he ai J o ES SEY BES et 
| mg. per cent per cent per cent per cent per cent 
A 101 | 90 | 7% | 58 50.0 | 49 59 
| oe 1 OP Tl hw 56 73 
=" )T 1H ft 6.0 | 7 | 62 | 1.64 38 64 
“1.38 9.0 | 76 27 | 1.52 29.6 50 
B | 0.87 9.05 | 22 54 | «19.0 | 47 
‘* | Same cataphoresis | 20 | 1.2 15 45 
as above 
S.1 44 |} #m | @ | OB] 14 26 45 
ee i 7.71 20 | 24 | 2.7 19.5 | 70 
“« | 14 7.71 | 2 | 27.4 | 3.2 | 216] 6 
“| Same cataphoresis | 26.2 20 17.3 58 


as above 


phoresis with varying voltages and distances of migration in the 
apparatus of Coolidge (4) and fractions analyzed after cataphore- 
sis. The bilirubin reacting in aqueous acid in 2 hours is called 
“direct” reacting. Globulin was estimated after separation from 
albumin by precipitation in 2.02 m phosphate buffer, pH 7.0 (5). 
This separation was shown to be unaltered by increasing the 
plasma dilution 1:120, as was necessary in this case. 

As can be seen from Table I the recovery of the total bilirubin 
parallels that of the albumin within the limits of accuracy of the 
method. The agreement is very satisfactory, when one considers 
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the lability of plasma bilirubin in the absence of the reducing 
substances present in normal plasma. One can conclude that 
practically all the bilirubin is bound to the plasma albumin. This 
has been confirmed by ultrafiltration of plasma through cellophane 
membranes. No bilirubin passes through, in agreement with the 
results of Gregory and Andersen (6) and contrary to earlier 
observations. 

A comparison of the per cent of direct reacting bilirubin in the 
original plasma with that in the cataphoresed fluid shows both 
increases and decreases. These are difficult to interpret, as the 
data are obtained on such small amounts of material that the limit 


TABLE II 


Rate of Reaction of Mixture of Plasmas Compared with Sum of Rates of 
Components 


Bilirubin reacting in aqueous acid 





Reaction time a Plome A ‘Sisters ry ‘ 
Plasma A Plasma B + Plasmas A and 
Plasma B Bx 2 
gate, j mg. per cent mg. per cent mg. per cent me. per cent 
10 1.15 1.18 2.33 2.48 
30 1.45 1.46 2.91 2.86 
60 1.65 1.62 3.27 3.30 
120 2.10 1.68 3.78 3.90 





Plasma A contains 8.60 mg. per cent of total bilirubin; 25 per cent direct 
reacting. Plasma B contains 2.22 mg. per cent of total bilirubin; 76 per 
cent direct reacting. 


of accuracy of the method for direct reacting bilirubin is ap- 
proached. They indicate, however, that if the ability to react in 
aqueous solution is conditioned by factors other than bilirubin or 
plasma albumin, such factors are not completely removed by 
several hours of cataphoresis in a strong electric field and are 
therefore strongly bound to the albumin. 

Reaction of Mixed Plasmas—That the differences in reactivity 
of direct and indirect reacting bilirubin are due to structural 
rather than catalytic causes is shown by the effect of mixing equal 
volumes of two plasmas having very different proportions of direct 
reacting bilirubin and treating the mixture with diazotized sul- 
fanilic acid. The results are shown in Table II. 
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The rate of the reaction of the mixture is equal to the sum of the 
rate of reaction of the bilirubin in the two plasmas. If either 
catalyst or inhibitor were present in excess in one of the plasmas 
(as the “catalytic’’ type of theory would assume, since the plasmas 
are quite different in their reactivity), such catalyst or inhibitor 
would, in the mixture, alter the reactivity of the bilirubin in both 
plasmas and thus change the reactivity of the mixture from that 
of the sum of the rates of component plasmas. This is not the 
case. Hence this experiment is evidence against the “catalytic” 
type of theory. 

The summative effect of the individual constituents is the same 
even if the mixture stands overnight. 

Réle of Bile Salts That the bile acids might be involved in the 
reaction with diazonium salts in aqueous solution has been sug- 
gested by several writers (7). The following experiments show 
that, with the analytical methods available, there is nothing to 
support this suggestion. 

The only method sufficiently sensitive and accurate for an 
investigation of this theory is that of Josephson (8), which gives 
the sum of free and conjugated cholic acid. This method was 
tested by analyzing samples of plasma to which known amounts 
of cholic acid had been added and consistently gave an accuracy of 
better than 20 per cent. Table III shows that there is no corre- 
lation between this sum and the character of the van den Bergh 
reaction. 

Extraction with Organic Solvents—That organic liquids capable 
of dissolving bilirubin extract the direct reacting bilirubin alone 
from the plasma has been known in a qualitative way for some 
time. Table IV shows quantitatively the effect of extracting 
plasma with butyl alcohol. In these experiments 1 cc. of plasma 
was run into about 50 cc. of butyl alcohol, containing 1.0 ce. of 
0.18 n HCl, with stirring. The precipitate was washed twice 
with methyl alcohol and any remaining alcohol removed under 
reduced pressure. The precipitate was taken up in 20 cc. of water 
and the total bilirubin determined. 

The amount of bilirubin extracted by alcohol appears to be 
about equal to that which reacts with diazotized sulfanilic acid 
in aqueous acid in the first 10 minutes. The simplest explanation 
of the data appears to be that the bilirubin reacting in the first 
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10 minutes is held to the albumin in a complex from which it can 
be separated by alcohol, that the remainder of the bilirubin is 


Tas_e Ill 
Relationship between Character of van den Bergh Reaction and Plasma Cholic 
Acid Level 
. |Plasma Van den Bergh 
Diagnosis ‘min Gle- Bilirubin cholic | Tesetion | 
per cent per cent a a, * 

Leucemia, obstructive jaundice..| 3.4 | 3.2 8.08 4.8 Direct 
Hepatitis 3.3 | 2.7 10.3 12.9 ” 
Subsiding obstructive jaundice.. 2.8 4.1 0.86 6.8 Indirect 
Biliary cirrhosis (autopsy) 1.2 | 4.7 2.07 | 4.5)! Direct 
Pernicious anemia 1.6 8.3 Indirect 
Icterus neonatorum 3.6 1.7 5.7 9.1 “ 
Normal infant 7.0 | 10.0} - 
Cirrhosis with ascites ; 0.95 | 2.7 " 
Catarrhal jaundice 13.5 4.7 Direct 
Septicemia, 2 wks. jaundice 2.9 3.8 2.3 6.8 > 
Sickle-cell anemia 3.9 3.66 1.33 5.0 Indirect 
Secondary “ 4.45; 2.93 1.3 | 5.0 " 
Hyperemesis gravidarum 2.46 2.04 0.71 5.0 Direct 
Familial congenital jaundice...... 4.8 | 2.3 1.9 | 3.0! Indirect 
Congenital heart failure, syphilis 2.25 | 3.10; 1.4 | 3.5 | ‘ 


The van den Bergh reactions in this table were carried out by the method 
of McNee (9). 


TaBie IV 


Amount of Bilirubin Reacting in Various Times Compared with Amount 
Extracted by Butyl Alcohol (Mg. Per Cent) 


Bilirubin 
Plasma No. me - ing in Seoed a 
Total . ‘ by butyl 
10min, | 30 min. 120 min. | aleohol 
1 16.2 8.39 9.77 | 0.0 | 87 
2 15.8 9.43 10.7 11.8 9.3 
3 11.82 6.97 | 7.17 7.31 7.7 


attached to the albumin by a comparatively strong valence bond, 
and that this fraction of the bilirubin reacts with diazonium salts 
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at a variable, slow rate determined by unknown factors. This 
explanation is in accord with the observed shapes of the curves 
expressing the rates of development of color in the van den Bergh 
reaction in clinical cases. In these there is usually a fairly rapid 
development of color in the first 10 minutes, followed by a slower 
change at a rate varying in different plasmas. 

Réle of Alcohol—That the rdéle of the 50 per cent methyl alcohol 
in causing the reaction of the total bilirubin is an entirely reversible 
one appears in Table V which shows the effect of adding excess 
methyl alcohol and subsequently removing it by evaporation 
in vacuo below 0°. The course of the reaction before and after 
this treatment is the same. In these experiments 0.8 cc. of plasma 
was run into 16 cc. of methyl alcohol, chilled in a dry ice-toluene 


TABLE V 


Effect of Addition and Subsequent Removal of Methyl Alcohol on Rate of 
Reaction in Aqueous Solution 


Per cent of total bilirubin reacting in 


Time : ——_ | 
Original plasma Methy! alcohol-treated plasma 
min, b 
10 61 60 
30 | 65 64 
60 68.2 65.4 


120 70.0 66.5 


bath, 4 cc. of water were added, and the chilled mixture evapo- 
rated at about 0° to about 3 cc. It was then made up to a volume 
of 16.00 cc. on aliquots of which the van den Bergh reaction was 
run. Both ultrafiltration and cataphoresis indicate that in mix- 
tures of equal volumes of plasma and methyl] alcohol, such as are 
used in determining the total bilirubin, there is no separation of 
the bilirubin from the albumin. From these facts it appears that 
the réle of the alcohol in enabling all the bilirubin to react can be 
looked on as a purely catalytic one. 

Fractionation of Plasma Proteins and Determination of Bilirubin 
Distribution—If, as appears above, the indirect reacting bilirubin 
is firmly bound to a fraction of the plasma albumin, it should, 
theoretically, be possible to fractionate the latter and obtain a 
protein fraction containing all the indirect reacting bilirubin. 
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An attempt has been made to fractionate the plasma albumin 
and to follow the van den Bergh reaction of the fractions. This 
is rendered extremely difficult by the fact that plasma bilirubin, 
especially the direct reacting fraction, is sensitive to oxidation and 
to sunlight, especially in acid solution. 

Two sheep and a dog underwent ligation of the common duct 
and were killed when jaundice developed. Because of the rapid 
oxidation of the bilirubin the only conclusions that can be drawn 
from the experiments on the sheep are that much of the bilirubin 
is associated with the proteins precipitated by ammonium sulfate, 
pH 6.8, between 61.0 and 72.5 per cent saturation at 30°. The 
green color of the biliverdin which eventually appears in plasma 
albumin fractions precipitated three times with ammonium sul- 
fate by the method of McMeekin (10) is confined to the above 


TaBLe VI 
Distribution of Total Bilirubin in Ammonium Sulfate-Precipitated Plasma 
Protein Fractions (Mg. Per Cent) 
Fractions precipitated by ammonium 
sulfate at saturations of 





Original plasma ; dicen ctitahiieneaaee oe 
50 per cent 50-62.5 Above 
and below per cent | 62.5 per cent 
2.69 (77.3% direct reacting) | 0.08 0.07 | 0.34 


fraction except for a faint blue-green color associated with the 
fractions separating near the half saturation point. 

The experiment on the dog plasma (Table VI) was carried out 
with a minimum of exposure to light and air and as rapidly as 
possible, without reprecipitation of the fractions. The order of 
accuracy is low because of the difficulty in removing the am- 
monium sulfate from the precipitated proteins. The recovery of 
total bilirubin is only 12.5 per cent and of indirect reacting bili- 
rubin only 55 per cent. In the dark 200 cc. of the dog plasma 
were poured into a cylinder containing a mixture of 800 cc. of 
water and 1000 cc. of saturated ammonium sulfate through which 
hydrogen was bubbling. After 7 hours the mixture was filtered 
through asbestos wool. The filtrate was placed in a cylinder 
containing 800 cc. of saturated ammonium sulfate and nitrogen 
passed through for 12 hours. The mixture (sp. gr. 1.165) was 
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filtered. The filtrate received 1.5 liters of saturated ammonium 
sulfate, and nitrogen was bubbled through it for 12 hours. It 
was filtered, and the clear, colorless filtrate discarded. The three 
precipitates obtained in the above filtrations were washed with 
4.05 m phosphate buffer, pH 7.0, and dissolved in 250 cc. of water 
each. The solutions gave a precipitate in 50 per cent methyl 
alcohol and the total bilirubin was determined in about 40 per cent 
phosphoric acid. The agreement of this method of determination 
with that carried out in the usual way was within 1 per cent when 
applied to the original plasma. Reliable determinations of the 
direct reacting bilirubin were not possible. It can probably be 
safely assumed that all the bilirubin recovered was originally 
indirect reacting, as the direct reacting bilirubin is much more 
susceptible to chemical destruction than the indirect reacting. 
The results of this experiment confirm those obtained on sheep 
plasma. 


SUMMARY 


All of the bilirubin in human plasma of high bilirubin content is 
bound to the plasma albumin. 

The plasma bilirubin which gives a direct reaction in 10 minutes 
when the procedure of Malloy and Evelyn is used is attached to 
the plasma albumin as a dissociable complex. 

That which does not give a direct reaction is attached to a 
fraction of the plasma albumin precipitated by ammonium sulfate 
at pH 6.8 between 61 and 72.5 per cent saturation—probably by 
a valence bond. 

The réle of the methyl alcohol in causing all the bilirubin to 
react is purely catalytic. 

The character of the van den Bergh reaction cannot be correlated 
with the concentration of cholic acid in the plasma. 


To Dr. Anne Yates Graves of the Department of Biochemistry, 
Duke University School of Medicine, to Dr. T. L. McMeekin of 
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and to Dr. Harold Finkelstein and Dr. Joseph W. Beard of Duke 
Hospital, Department of Experimental Surgery, the author ex- 
presses his thanks for their help. 
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(Received for publication, October 2, 1939) 


The solvents most frequently used for the extraction of amylase 
from the pancreas have been aqueous alcohol (1-4) and glycerol 
(2, 5). It seemed advisable to investigate the solubility of pan- 
creatic amylase in a number of organic solvents, since the purifica- 
tion of the enzyme mixture could be considerably simplified 
through the use of a solvent more selective than the few now in 
use. 

The solvents used in this investigation for the extraction of the 
commercial amylopsin were the purest which could be obtained 
and were redistilled for further purification. 

The amylase preparations used in the solubility determinations 
were samples of commercial amylopsin prepared from fresh pan- 
creas. Several lots of the enzyme were well mixed and rebottled. 
The amylase activity was determined as described elsewhere and 
was found to correspond to a maltose formation of 170 mg. per 
mg. of enzyme preparation. 

To make the extractions, 1 gm. of the commercial amylopsin 
was allowed to stand for 1 hour, with occasional shaking, in 
contact with 10 cc. of the solvent. The residue was washed 
three times with absolute alcohol and then dried in the vacuum 
desiccator. The dissolved material could not be recovered by 
evaporation because so many of the solvents were of high boiling 
point. The method of Sherman was used for precipitating the 
amylase preparations. This procedure consisted of pouring the 
extraction mixture into 7 times its volume of absolute alcohol, 
and in separating the precipitate. Since absolute alcohol was 
used in washing all the preparations, a 1 gm. sample of the com- 
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mercial amylopsin was treated similarly with absolute alcohol 
to give a preparation to which the others could be referred for 
comparison. All the preparations were kept in a desiccator over 
concentrated sulfuric acid until they were used in the determina- 
tion of amylolytic activity. 

Saccharogenic power was used as the basis of amylolytic 
activity. In the method of Sherman and Thomas (6) this power 
is determined from the amount of reducing sugars formed from 
a starch digestion mixture. Instead of the Munson-Walker 
method for determining reducing sugars, a modification of the 
colorimetric method of Folin and Wu (7) was used after a com- 
parison of the two methods on identical starch digestion mix- 
tures had shown agreement within the limits of error of the de- 
terminations. 

The method of determining activities as finally used is described 
below. ‘Triple distilled water was used for all the preparations. 
All pieces of glassware were Pyrex and were kept filled with 
distilled water before use. The starch used was a sample of 
Baker’s c.p. soluble starch. When carefully made up, solutions 
of this starch were clear and slightly opalescent, with no settling 
out on standing. 

14 gm. of soluble starch were weighed out in a tared 50 ce. 
beaker. About 25 ec. of triple distilled water were added, and 
the starch was stirred to a paste which was poured with quick 
stirring inte 400 cc. of boiling water. The solution was kept at 
the boiling point of water for several minutes and then cooled in 
running water. 10 cc. of 0.7 m phosphate buffer solution (2 
volumes of 0.7 mM NasHPO, plus 1 volume of 0.7 m KH,PO,) 
and 10 ec. of 1.4m NaCl solution were then added and the solution 
diluted to 700 cc. The resulting solution contained 2 per cent 
starch, 0.01 m phosphate, and 0.02 mM NaCl. Six 100 ce. graduated 
cylinders were filled with this solution and placed in a rack in a 
constant temperature water bath. The remainder of the solution 
was used to determine the pH. 

While the cylinders were being warmed in the water bath, a 
100 mg. sample of enzyme preparation was weighed out and 
dissolved in 100 ce. of triple distilled water of a temperature less 
than 10°. Since in some instances not all the enzyme preparation 
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would dissolve, the mixtures were centrifuged to give clear solu- 
tions. By use of a calibrated pipette, portions of enzyme solu- 
tion of 0.2, 0.4, 0.6, 0.8, and 1.0 cc. were measured into five 200 ec. 
Erlenmeyer flasks. At the same time two 2 ce. portions were 


TABLE | 
Summary of Amylase Solubilities 


The results are expressed in terms of mg. of maltose formed per mg. of 
enzyme preparation. 


| Activityof | Activity of 
material mater! 








atone k-----r 
| undissolved solvent 

Absolute alcohol blank.............| 1.00 208 ° 
Bis(6-hydroxyethyl) ether........ 0.90 112 337 
Bis(6-chloroethy]) ao OTe 0.95 178 t 
§-Hydroxyethyl ethyl ether........| 0.98 169 t 
CE errr 0.97 110 248 
Ethyl acetate..... Plasvceeteue 0.92 196 t 
n-Buty! acetate... ii WR, tae 1.00 198 ° 
Isopropy! ether shit rab tt 0.98 149 437t 
n-Propyl alcohol... iho Shall 0.98 200 t 
Isopropyl “ cuibin keke Aw badd 0.82 183 s 
n-Buty! alcohol... mA. 1.00 217 ° 
Isobutyl “ Ae 1.00 186 ° 
Benzyl “ Wade wel 188 139 
cin dend disvins viasids dwn geen 0.92 192 t 
ihe, vai tae tal 0.98 228 245 
I <ons chyetnt ebaueeane 0.36 516 23 
Dimethylaniline................... 0.96 200 t 
Saturated aqueous acetamide solu- 

MED Be... cccsccecseuces 0.23 322 1071 
Same, Sample II.................. 1140 














* No material dissolved. 

t Insufficient quantity recovered for the activity determination. 

t The amount recovered was so small that only one activity determina- 
tion could be made. 


measured into tared watch-glasses for evaporation at 90° to 
determine the concentration of the enzyme solution. 

The contents of the cylinders were then poured into the re- 
spective flasks at intervals of 1 minute. The sixth portion of 
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starch solution, to be run as a blank, was poured into a flask con- 
taining no enzyme solution. As soon as filled, the flasks were 
placed in a rack in the water bath and were shaken at the end of 
10 and 20 minutes. At the end of 30 minutes each flask was 
shaken, and 5 cc. portions were removed at 1 minute intervals, 
so as to allow a 30 minute digestion for each. Each of the tubes, 
containing 10 cc. of water, was heated in a boiling water bath, so 
that when the 5 cc. of starch mixture were added the mixture 
would be heated immediately to a high enough temperature to 
stop the action of the enzyme. The activity of the enzyme was 
then completely destroyed by further heating in the water bath 
for 10 minutes. 

The tubes were then cooled and filled with water to the 50 ce. 
mark. From these diluted solutions 1 or 2 cc. samples were taken 
for colorimetric comparison with a standard maltose solution. 
Such a comparison would give the number of mg. of maltose formed 
from 100 cc. of 2 per cent starch solution, and this value divided 
by the volume of enzyme solution gives the number of mg. of 
maltose formed per mg. of enzyme preparation. 

In this manner, the activities of all the amylase preparations 
were determined. The results of the investigation are sum- 
marized in Table I, which gives the activity of the residues and 
dissolved material when samples of amylopsin were treated with 
different solvents. The values given are the averages of five or 
more activities determined for varying amounts of enzyme 
solution. 


SUMMARY 


The amylolytic activity of materials recovered after treatment 
of commercial amylopsin with a number of organic solvents has 
been determined. 

Ordinary alcohols, esters, and ethers when used as solvents 
do not yield more active amylase preparations. 

Ethylene glycol and its ether yield slightly more active material. 

Of all the solvents tried, aqueous acetamide is most selective. 
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Beard and his collaborators (3-10, 13, 27) have made an exten- 
sive investigation into the mechanics of creatine synthesis in the 
rat, in which the effects of the administration of a variety of sub- 
stances on (a) the creatine concentration in a sample of muscle, 
and (b) the rate of creatine excretion have been studied. Beard 
and Barnes (3) have concluded that “all amino acids of the protein 
molecule studied have the power of increasing the normal creatine 
content of young rat muscle.”” This view has been developed by 
Beard and Pizzolato (9, 10) who propound the scheme 


Amino acids — glycine + urea — glycocyamine + (CHs) — creatine 


This scheme is important to us, since our demonstration of 
creatine formation from arginine in the isolated rabbit heart (24) 
might be a special instance of such a scheme rather than the result 
of the series of chemical changes we suggested in a later paper (19). 
Scheme | illustrates this possibility. We have therefore examined 
Beard’s evidence carefully, and we conclude that while none of it 
is inconsistent with the conclusions to which he comes there is 
nowhere in it proof of their validity. Beard relies on increases 
in muscle creatine concentration and increases in rate of creatine 
excretion as indices of creatine synthesis. We contend that 
neither of these effects of itself provides evidence of creatine 
synthesis. We shall consider the effects separately. 

Muscle Creatine—The creatine content of rat muscle is about 
400 mg. per 100 gm., but the creatine concentration in plasma 
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Scheme 1 
Conversion of Arginine to Creatine 


Arginine 


Ornithine 


L 
6-Amino-a-ketovaleric acid 





| y-Aminobutyric acid 
Urea Glycine. 
N\ Lf 
Glycocyamine Glycolic acid 
ee 
Creatine 


is about 4 mg. per 100 ml. Tiegs (40) and Eggleton (22) have 
shown that very little creatine diffuses out of resting frog muscle, 
while much more diffuses from fatigued frog muscle, and it is 
indicated that phosphocreatine cannot diffuse across the muscle 
membrane. Thus most of the creatine, like the major part of 
the muscle solids, is held inside the cells. Consequently dehy- 
dration will increase the creatine concentration without affecting 
significantly the absolute content in total solids of a particular 
muscle or the ratio of creatine to total solids. The only safe 
basis for establishing increases in creatine content of muscles is 
to refer the creatine content to the total solids or the dry weight 
of the muscle and to avoid procedures likely to produce de- 
hydration. 

In connection with the synthesis of uric acid in birds (23) and 
with the synthesis of creatine (24) it was emphasised that an 
established increase in the amount of a substance in an organ or 
tissue after exposure to a chemical agent is not evidence that the 
agent has participated in the synthesis of that substance. An 
apposite instance of this is the demonstration (1, 31, 38) that 
adrenalin can bring about increases in muscle creatine content 
(without increasing the percentage of total solids). Mayasama 
and Riesser (31) found a mean increase of 66 mg. of creatine per 
100 gm. of muscle in a series of 2 kilo rabbits into each of which 
about 2 mg. of adrenalin were injected. Since the muscles con- 
stitute 49 per cent of the body weight (Weiske (41)), this corre- 
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sponds to a total increase in muscle creatine of about 660 mg., 
more than 300 times the weight of adrenalin injected. Kelly and 
Beard (27) found that 0.3 mg. of mecholyl causes an increase of 
more than 100 mg. of creatine per 100 gm. of muscle in 200 gm. 
rats. If the muscle is considered as 44 per cent of the body weight 
(Donaldson (20)), this rise in creatine corresponds to an increase 
of more than 88 mg. in the muscle of the whole animal, more than 
264 times the weight of mecholyl used. This drug cannot have 
supplied 0.5 hydrogen atom per molecule of extra creatine; yet 
it also produced a striking creatinuria. Beard and Pizzolato (10) 
injected 0.015 to 0.06 mg. of prostigmine per 100 gm. into rats 
and obtained 40 to 100 per cent increases in muscle creatine con- 
centration. Even if the highest dose gave the lowest response, 
this corresponds to an increase in total muscle creatine of 74 mg. 
produced by the injection of 0.06 mg. of prostigmine, or 0.1 hydro- 
gen atom from prostigmine per molecule of extra creatine. Kelly 
and Beard (27) appear to feel that there is some difficulty in 
regarding instances of this nature as syntheses involving the agent 
producing the effects, since they say, ‘Under other conditions, 
such as injection of different purines, prostigmin, etc., the methyl 
groups of these compounds ‘stimulate’ this methylation process 
in creatine formation.”’ 

If dehydration is avoided, an established increase in muscle 
creatine following the administration of test substances may be 
due to creatine synthesis, but the examples cited indicate that 
in many instances creatine synthesis, if it does occur, cannot 
involve the incorporation of any part of the agent provoking the 
synthesis. That is, an increase in muscle creatine concentration is 
not in itself an indication that the agent producing the increase is a 
source of the extra creatine. The chemical plausibility of the trans- 
formation is irrelevant and treacherous, as the following quotation 
from Beard and Pizzolato (10) shows. ‘“‘Prostigmin is the dime- 
thylearbamic ester of 3-hydroxy-trimethyl-ammonium methyl-sul- 
fate, and, therefore, contains six methyl groups in its molecule. It 
is very likely that some or all of these were available for the methy- 
lation of glycocyamine with resulting creatine formation.” It has 
been indicated that none of the prostigmine molecule can have 
been incorporated in the creatine whose formation it appeared to 
stimulate. 
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In all but the simplest instances, such as the formation of cocar- 
boxylase from aneurin (34), synthesis can be established in an 
organism or organ only if it can be shown (a) that the total content 
of product in the system (organism plus excreta, or organ plus 
medium) has increased as the result of the experimental pro- 
cedure, and (b) that the amount of precursor disappearing which 
is not accounted for by other transformations corresponds to the 
amount of extra substance formed. Such criteria can be satis- 
fied (24, 19), but they are not satisfied in Beard’s experiments. 
His results are open to an alternative explanation. The available 
evidence (11, 17, 18, 21, 42, 43) indicates that the rates of absorp- 
tion of amino acids in the rat, over periods of 3 hours or more, are 
from 16 to 84 mg. per 100 gm. of rat per hour. Beard and Barnes 
(3) fed “up to 1 gm.” of amino acids to rats weighing 40 to 50 
gm. Most of the amino acid must have remained in hypertonic 
solution in the gut for a long time, and withdrawal of water from 
the bodies of these small rats may have occurred. The dry weight 
of the muscle samples was not determined, so there is no check 
on this possibility. Dehydration may have occurred in later 
work (5) in which 100 to 200 mg. of amino acid were injected 
intraperitoneally into rats weighing 60 to 250 gm., since the large 
amounts of urea to be expected from the catabolism of the amino 
acids (28) will require the excretion of extra water, and care must 
be taken to provide an adequate water supply for the experimental 
animals. 

Kayser (26) and Rose (39) suggested that Beard’s doses of 
amino acids are so high that toxic effects might be expected. 
Absence of deaths or of abnormal behavior does not answer this 
objection. The injection into rabbits of amino acids in amounts 
of 3 gm. per kilo of body weight may elicit sympathicomimetic 
responses (2, 30) which are abolished after adrenalectomy (2), 
a point of importance in connection with the effect of adrenalin 
on muscle creatine (1, 31, 38). Lewis and Luck (29) found that 
the injection of glycine into rats in amounts corresponding to 
those used by Beard has a depressant action on metabolism and, 
as the dose is raised, a frankly toxic effect. Many amino acids 
exhibit a large specific dynamic action. Beard and Barnes (3) 
regarded the specific dynamic action as irrelevant, since there was 
no close relation between it and the magnitude of the effect of 
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the amino acid on muscle creatine. But one cannot ignore the 
specific dynamic action if there is a possibility that the muscle 
creatine concentration is being affected by a dehydration depend- 
ent on (a) the solubility, (6) the molecular weight, and (c) the 
rate of absorption of the amino acid in question, since the total 
effect of the amino acid will be a function of four of its properties 
which do not bear a simple relation to one another. It is note- 
worthy that tetrahydro-8-naphthylamine (31, 36) and dinitro- 
phenol (14), which have a stimulant action on metabolism, in- 
crease the muscle creatine of rabbits. 

Creatine Excretion—Since the difficultly diffusible phosphocrea- 
tine in muscle may break down into freely diffusible creatine, 
it is obvious that a variety of agents may affect the access of 
muscle creatine to the blood stream. Increased access to the 
blood stream, however, does not necessarily mean increased 
creatine excretion. Considerable amounts of creatine may be 
introduced into the blood stream without any increase in excre- 
tion (Hunter (25)), and Pitts (37) has shown that in the dog and 
man the effect of increasing the plasma creatine concentration 
on the creatine to inulin clearance ratio indicated active and effi- 
eient tubular reabsorption of creatine. The creatine and creati- 
nine contents of rat blood (16) are 4.3 and 1.4 mg. per 100 ml., 
respectively (both expressed as creatinine). Boggess and Beard 
(13) report normal daily excretions of creatinine of 1.5 to 3.0 mg., 
and of creatine of 0.0 to 1.0 mg. These observations suggest that 
creatine is also actively reabsorbed in the rat kidney, and the 
blood data indicate that if the tubules were completely inactivated 
the creatine excretion may be about 3 times as great as the creati- 
nine excretion. Since the maximum creatine to creatinine ratio 
observed by Boggess and Beard was 0.7, no great tubular impair- 
ment would be necessary to produce the creatinurias they have 
observed. Such creatinurias might be due to diminished effi- 
ciency of reabsorption during the urea diuresis to be expected after 
amino acid injection. This is supported by the observation (8) 
that the injection of water or physiological saline into rats pro- 
duced a creatinuria comparable to that observed after injection 
of amino acids. 

It is clear that increase in rate of creatine excretion is not an 
indication of increase in rate of creatine synthesis from the agent 
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inducing the creatinuria. The fact that creatinuria may be in- 
duced by many non-specific procedures—giving selenite (15) 
or phosphorus (32), for example—supports this proposition. 

In a number of instances Beard has shown that an administered 
substance produces increased creatine excretion and increased 
creatine content per unit of wet weight of muscle. That this 
dual response to the same substance does not increase the prob- 
ability of creatine synthesis having occurred is shown conclusively 
in work on rats, guinea pigs, rabbits, and hens (16, 35, 33, 32), 
which indicates that fasting results in a rise in muscle creatine 
contemporaneous with the creatinuria of fasting known to occur 
in these species (25). 

The outcome of this discussion is that Beard’s claim that urea 
together with glycine may participate in creatine synthesis is not 
proved. Bodansky (12) failed to obtain any increase in muscle 
creatine concentration after the administration of glycine to rats. 
It is claimed (9) that failure was due to the high muscle creatine 
concentration of Bodansky’s control rats and to the short time 
allowed between glycine injection and death. Since the dis- 
crepancy between Bodansky’s results and Beard’s in the investiga- 
tion of a key substance in Beard’s scheme has made the position 
obscure, we have performed experiments of two types: (1) 
repetition of Beard’s experiments on the effect of injecting urea 
and glycine, under his published conditions, but with rats with 
lower muscle creatine concentrations than Beard’s; (2) perfusion 
experiments in which large but ‘physiological’? amounts of urea 
and glycine were added to the Ringer-Locke solution perfusing 
an isolated rabbit’s heart. 


EXPERIMENTAL 


Injection Experiments—We have observed the conditions of 
Beard and Pizzolato (9); namely, injection of 100 mg. each of 
glycine and urea into rats weighing 100 to 250 gm., and analysis 
of samples of muscle taken 24 hours later, in which circumstances 
these authors found in four animals an increase in muscle creatine 
content of 50 per cent of the amount found in their controls. 
Our method of determining total creatinine has been described 
elsewhere (24). Our method of sampling the muscle may have 
been the source of important differences between these results 
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and Beard’s. Only this reference to the method of sampling 
was found (3), “. . . muscle tissue was removed from the hind legs, 
cut up fine with scissors, and analyzed for creatine...’’ Since 
the creatine content of different hind limb muscles in the same 
species may differ widely (25), it is possible that Beard’s method 
of sampling might be a source of large individual errors. Data 
on this point for the rat were lacking, so a 200 gm. male rat was 
taken and four different muscles from each hind limb were analyzed 
for creatine. (We are indebted to Dr. 8S. Zuckerman for the 
dissection of these muscles.) The whole muscle was extracted 
and determinations were carried out on aliquots of the extract. 
The results are presented in Table I. The correspondence be- 
tween similar muscles indicates that analytical error cannot ac- 
count for the large differences seen between different muscles. 


TaBe I 
Creatine Content of Rat Hind Leg Muscles 


Total creatinine, mg. per 100 gm. 


Muscle 
Right leg Left leg 
Rectus femoris 7 340 348 
Tibialis anterior 355 375 
Semimembranosus 443 446 


Gastrocnemius dee 299 305 


In the rat, then, different hind limb muscles may also have widely 
differing creatine contents, and there are potentially large errors 
in the method of taking “‘muscle’”’ from the hind limb, mincing, 
and sampling. 

The statistics published by Beard appear to indicate that these 
errors are not realized in practice. Beard and Pizzolato (9) give 
a mean value for 132 controls of 420 + 2 mg. of creatine per 100 
gm., indicating a very small variance in their data. But they also 
state that the mean of all their controls (from the same colony on 
the same stock diet) for the preceding 10 years was 390 mg. per 
100 gm. There is only one chance in about 10,000 that a mean of 
390 could be obtained in a sample of data from the same popula- 
tion as that from which the value 420 + 2 was obtained. There 
is therefore some obscurity in these published statistics. 
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In the present experiments the gastrocnemius was dissected 
from each side in a standard manner, divided transversely into a 
proximal and a distal half, and the proximal half of one muscle 
and the distal half of the other taken for total creatinine determina- 
tion. The remaining halves were taken for dry weight. After 
the injection of urea and glycine each animal was placed in an 
individual cage and given free access to food and water. A series 
of control animals was injected with an amount of the non- 
metabolized sugar xylose which was isosmotic with the urea and 
glycine injected into the experimental animals. These controls 
were intended as indicators of the adequacy of the experimental 
conditions to obviate dehydration. Normal access to food is 


Taste Il 
Injection Experiments on Rats 
The values are given in mg. of creatine per 100 gm. 


Uninjected controls Injected controls Urea + glycine 








Wet weight Dry weight | Wet weight Dry weight Wet weight Dry weight 





336 | 1503 | 399 1659 368 1562 
380 | 1587 383 1629 387 | 1635 
368 1561 355 1545 | 344 1523 
374 1467 | 377 1641 367 1608 
392 1682 350 | 1563 355 | 1589 
388 1632 340 1515 316 1484 
373 +8 | 1572433 | 36849 | 1592424 356410 | 1566+ 23 








important, since the injection of glycine into an animal deprived 
of food might be considered tantamount to an accelerated fast, 
and might cause a non-specific rise in muscle creatine. It is 
not clear whether Beard’s animals had access to food. 

The results of a series of experiments carried out under these 
conditions are collected in Table II. Although each of the series 
in Table II is small, the statistics calculated for the creatine con- 
tent per unit of dry weight show that there is less than one chance 
in 100 that in another series of controls of the same size the mean 
value would differ from that observed by more than +96 mg. 
per 100 gm. of dry weight, or only one chance in 200 of obtaining 
a mean exceeding the observed control mean by more than 96 
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mg. per 100 gm. of dry weight. If in a urea plus glycine group 
one observed an increase of as much as 6 per cent, this would be 
a highly significant difference. The methods are adequate to 
detect effects much smaller than those claimed by Beard and 
Pizzolato for urea and glycine, but the results allow us to state 
only that there can be no effect greater than a systematic increase 
of 6 per cent in muscle creatine. Since the magnitude of increase 
compatible with these results is entirely incommensurate with that 
claimed by Beard, we think that the increases he observes are due 
to the operation of one or more of the sources of error already 
discussed. If this is correct, then no part of the observed in- 
creases need be a specific effect of glycine and urea. 

Perfusion Experiments—The conclusions drawn from the injec- 
tion experiments were tested by perfusion experiments which 
have already provided unequivocal evidence for the synthesis of 
creatine in a biological system (24, 19). The technique of the 
perfusions and determination of total creatinine was precisely 
as described (19). Nine perfusions of hearts from rabbits weighing 
more than 2 kilos have been performed, and thirteen further ob- 
servations were made on hearts taken from control rabbits. Urea 
(40 mg. per 100 ml.) and glycine (20 mg. per 100 ml.) were present 
in the perfusate in each experiment. In Table III are presented 
the observed values for the total creatinine of the heart plus per- 
fusate and the most probable values for the total creatinine of 
control hearts of the same dry weight as the perfused hearts. 
The mean difference between the observed value and the value 
expected in a corresponding control heart is not significantly dif- 
ferent from 0. These perfusions therefore provide no evidence 
for the capacity of the isolated rabbit heart to make creatine from 
urea and glycine. If the earlier series of perfusions (24, 19) are 
examined in the same way, with the full series of control animals 
now available, the data of Table IV are obtained. Addition of 
arginine, or of glycocyamine plus sodium glycolate, results in a 
significant increase in the total creatinine of the system heart plus 
perfusate, while addition of glycocyamine alone, or of glycolate 
alone, has no effect. The concentrations of the various substances 
used in these experiments are arginine, 0.6 mm; glycocyamine, 
1.0 ma, plus sodium glycolate, 2.0 mM; urea, 6.7 mm, plus glycine, 
2.7 mm. It is clear that failure to obtain a positive effect with 
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Taste III 
Perfusion Experiments on Rabbit Hearts 


The ‘‘expected’’ values are calculated from the line of closest fit to 5&8 
control observations which has the equation, Y = 4.24z + 2.94, where Y 
is the total creatinine in mg. and z is the dry weight of the heart in gm. 
The standard error of the mean difference between the amount found and 
the amount expected is of such a magnitude that there is one chance in 
ten of obtaining a mean difference of 0 in a similar series of perfusions. The 
mean difference is therefore not significantly different from 0. 


Most probable value Difference between amount 


Dry weight of heart Amount found in control heart of found and amount 
same dry weight ex pected 
gm. mg. mg. mg. 
1.45 9.58 9.09 +0.49 
0.76 7.27 6.17 +1.10 
2.26 13.65 12.52 +1.13 
1.02 7.65 6.59 +1.06 
1.46 8.06 9.13 —1.07 
1.11 9.20 7.65 +1.55 
1.68 11.04 10.07 +0.97 
1.00 6.12 7.18 —1.06 
0.86 7.53 6.59 +0.94 
0.568 + 0.322 
TaBLe IV 


Summary of Rabbit Heart Perfusion Experiments 


; _ | Mean difference between | 
Type of perfusion op | observed and expected | P* 
Pp total creatinine 


ments 
mg. 
ES 3.50 18 | +1.2454+0.205 | 0.001 
Glycocyamine + sodium glycolate ll +1.184 + 0.244 | 0.01 
Glycocyamine................. ism —0.654 + 0.279 | 0.06 
Sodium glycolate...... siiitistas alefottas 9 —0.541 + 0.329 | 0.3 
Ora @ aeeeiee,.................- ..) 9 | 40.568 + 0.322 | 0.1 


* The values of P in the last column express the probability of obtaining 
a mean difference of 0 in another series of similar perfusions. 


urea plus glycine in these conditions indicates that even if there 
were independent proof that these substances could act jointly as 
a source of creatine their importance must be small compared with 
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that of arginine. The conclusion drawn from these experiments 
is that there is not at present sufficient evidence to require the 
hypothesis that creatine is formed in muscle tissues from urea and 
glycine. 


SUMMARY 


1. Reasons are adduced for thinking that investigations into 
the effect of administering amino acids and other substances on 
the creatine content of muscle or on the rate of excretion of creatine 
cannot provide evidence about creatine precursors in the body. 

2. Controlled experiments on the effect of injecting large 
amounts of urea and glycine on the creatine content of rat muscle 
have been performed. No increase was observed. 

3. Perfusions of isolated rabbit hearts with urea and glycine 
were carried out in the same conditions in which a quantitative 
conversion of arginine to creatine has been demonstrated. There 
was no detectable synthesis of creatine. 

4. It is suggested that the available evidence does not require 
the hypothesis that urea and glycine together are precursors of 
creatine in muscle tissue. 
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The method previously described by Kerr and Blish (1932) for 
the determination of purine nucleotides in trichloroacetic acid 
extracts of tissues has been simplified. It has also been extended 
to permit the separate estimation of adenine and hypoxanthine 
by the method of Hitchings (1933). In the subsequent discussion 
reference is made to details of technique only where these have 
been restudied or altered. Further details of the method will 
be found in the original article (Kerr and Blish, 1932). 

Precipitation by Uranium—Ostern and Parnas (1932) recom- 
mended that the precipitation by uranyl acetate be carried out 
at pH 6.4, but we find it to be complete between pH 5 and 8.3, 
and no precipitation of added nucleoside (guanosine) occurred at 
pH 5, 6.4, or 8.3. Suitable acidity may be obtained by the addi- 
tion of 1 drop of 5 per cent acetic acid per 10 cc. of neutralized 
filtrate. The pH of a 10 per cent trichloroacetic acid filtrate 
previously neutralized to phenolphthalein is shifted from 8.3 to 
approximately 6.8 in this way. 

The addition of phosphate was previously recommended be- 
cause of the statement made by Jackson (1923) and confirmed 
by Buell and Perkins (1928) that nucleotides are precipitated 
quantitatively by uranium only in the presence of phosphate. 
When the method was adapted to include estimation of adenine 
and hypoxanthine, it was found necessary to use larger samples 
(105 ec. of filtrate), but the quantities of uranyl acetate and 
phosphate previously recommended resulted in the precipitation 
of so much uranium phosphate that the subsequent removal of 
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uranium caused losses of purine by adsorption. In order to avoid 
this we investigated the possibility of omitting phosphate, and 
have found that muscle, brain, and blood filtrates contain suffi- 
cient phosphate ions to insure complete precipitation of the 
nucleotide. The amount of uranyl acetate solution required is 
thus also reduced, 0.7 cc. of an 8 per cent solution being sufficient 
for samples representing a gm. of resting muscle, and 0.5 ec. for 
blood filtrates equivalent to 5 cc. of whole blood. When the 
quantity of inorganic phosphate is increased (as for example in 
autolyzed tissue), the quantity of reagent should be increased in 
order to provide a slight excess, which can be noted by the yellow 
color of the supernatant fluid after the precipitate has settled. 

The precipitation of the nucleotides by uranium does not re- 
quire the half-hour period previously recommended; hence the 
precipitate may be centrifuged at once. 

Hydrolysis of Nucleotide—We have confirmed the statement of 
Lohmann (1931) and of Levene and Tipson (1937) that the purine 
is completely liberated from adenine nucleotide within 15 min- 
utes by hydrolysis in n HCl at 100°. If the uranium precipitate 
is dissolved in 5 ec. of 1.2 N H.SO,, the resulting solution becomes 
approximately normal, and 20 minutes hydrolysis insures com- 
plete liberation of the purines. 

Precipitation of Purines by Copper Hydroxide—We attempted to 
eliminate the precipitation by copper hydroxide by carrying out 
the copper-bisulfite precipitation in the neutralized hydrolysate 
after removal of uranium. With large samples (3 mg. of purine 
nitrogen) the method of precipitation recommended by Hitchings 
(1933) gave good results, but with samples as small as those 
used in our procedure (1 gm. of muscle, 5 ec. of blood) losses oc- 
curred during the centrifuging and washing of the copper-bisulfite 
purine precipitate. Hence we continue to recommend the 
precipitation by copper hydroxide when only total purine is to be 
determined, 1 cc. of 10 per cent copper sulfate being sufficient for 
the samples used. Peham (1937) also found 1 ce. of 10 per cent 
CuSO, to be the minimum quantity required, larger amounts 
merely increasing the precipitation of non-purine nitrogenous 
impurities. 

When adenine and hypoxanthine are to be determined, the 
copper hydroxide precipitation of the purines must be omitted, 
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for in the subsequent removal of copper as cuprous sulfide ad- 
sorption of purine is increased when much copper is present 
(Hitchings, 1933). Since a larger sample (105 cc. of filtrate) is 
used when the purines are to be separated, direct precipitation 
of the purines by copper and bisulfite in the uranium-free hy- 
drolysate produces a precipitate of sufficient bulk to permit 
washing without danger of loss. 

If the copper hydroxide precipitate resulting from use of 1 ec. 
of 10 per cent copper sulfate is dissolved in 1 ec. of N H,SO,, the 
resulting acidity is low enough to permit the quantitative precipi- 
tation of purines by bisulfite without previous neutralization." 
Immediately after addition of the bisulfite to the hot solution of 
the copper sulfate and purine the mixture should be stirred 
vigorously with a glass rod to insure precipitation of the reddish 
brown cuprous bisulfite. This when centrifuged forms a more 
compact mass than the white cuprous-purine-bisulfite complex 
alone; hence during washing in the centrifuge there is less danger 
of loss. The few particles of brown cuprous bisulfite which may 
persist in floating on the surface may be ignored. 

Determination of Nitrogen—For ashing we have adopted the 
digestion mixture of Umbreit and Bond (1936) but have made 
the water content twice as great as that recommended by these 
authors so that sodium sulfate may not separate in unheated 
laboratories. A digestion period of 15 minutes after appearance 
of SO; fumes is ample for purines. 

Good results may be secured with the simple distillation ap- 
paratus described in Fig. 1, in which the connection to the flask 
is made with a rubber stopper. The latter serves to hold the 
flask when the electric heater is lowered at the end of the distilla- 
tion period. A strong and steady source of heat is essential to 
insure smooth distillation. We have found 350 watt electric 
heaters preferable to Bunsen burners. The distillation should be 
at a rate of about 2.5 cc. per minute, and should be continued 
for 6 minutes, the last 3 of which serve to wash out the tube. 


' Edibacher and Jucker (1936) state that addition of sodium acetate 
appears to be necessary in spite of the opposite view of Kerr and Blish, 
but present no evidence to support this statement. 

? The modified formula is as follows: H,SO, (nitrogen-free) 500 ec., 
H,0 1000 ec., CuSO,-5H,O 2 gm., SeO, 2 gm., and Na,SO, 100 gm. 
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Each experimenter should redetermine these factors for his own 

apparatus by distilling known quantities of ammonium salts. 
In the titration of excess acid after distillation of the ammonia 

we have given up the Tashiro indicator previously recommended, 
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Fig. 1. Distillation apparatus for nitrogen determination by the micro- 
Kjeldahl procedure. 
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as methyl red serves equally well. A sharp end-point is obtained 
only when the 0.01 nN NaOH and HC! are prepared from water 
entirely free from CO, and silica. 

Revised Micromethod for Total Purine Nucleotide Nitrogen—The 
protein-free filtrate is prepared as previously described (Kerr aad 
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Blish, 1932). If information regarding the amount of hydrolyz- 
able phosphate attached to the nucleotide is desired, organic 
phosphate hydrolyzed in N HCl at 100° should be determined 
(Lohmann, 1928) and this in turn requires that the sum of in- 
organic and phosphocreatine P be determined without delay 
(Fiske and Subbarow, 1929, a). After a portion of the filtrate 
is set aside for these determinations (12 cc. for muscle or brain), 
the remainder may be neutralized to phenolphthalein with 40 per 
cent NaOH and then barely acidified with 5 per cent acetic acid.* 
Samples containing from 0.2 to 0.6 mg. of nucleotide nitrogen 
(0.5 to 1.0 gm. of muscle, 1 gm. of brain, 5 cc. of whole blood) 
are measured in duplicate into centrifuge tubes with conical 
pointed tips. 


Procedure 


To each 10 ce. of neutralized tissue filtrate add 1 drop of 5 per 
cent acetic acid and a slight excess of uranium acetate solution‘ 
(0.7 ec. per gm. sample of resting muscle, 0.25 ec. per cc. of whole 
blood) and stir.’ Allow the precipitate to settle enough to ascer- 
tain that the supernatant fluid is slightly yellow, and then centri- 
fuge. Reserve the supernatant fluid for the determination of 
nucleoside plus free purine. 

Dissolve the precipitate® in 5 ce. of 1.2 n H,SO, and hydrolyze 
the nucleotide by immersing the tubes in boiling water for 20 
minutes.’ Neutralize to phenolphthalein with 10 per cent NaOH, 
render slightly acid with 5 per cent acetic acid, and separate the 
uranium precipitate by centrifugation. Transfer the supernatant 
liquid into a 25 cc. centrifuge tube with a pointed conical tip. 
Instead of washing the precipitate dissolve it in 1 ec. of N H»SO,, 
rinse down the sides of the tube, and reprecipitate by neutralizing 


* Correction for the change in volume during neutralization must of 
course be made in calculating the tissue equivalent of the samples. 

‘ Prepared by saturation at room temperature (about 8 per cent). 

5 Keep a separate rod for each tube in order to avoid loss of the precipi- 
tate which clings to the rod. 

* When tissues which have been subjected to autolysis are being analyzed, 
the uranium precipitate should be washed twice with diluted (1:10) ura- 
nium acetate reagent acidified with 0.5cc. of 5 per cent acetic acid per 100 ec. 

7 After hydrolysis of the uranium precipitate the quantity of various 
reagents need not be varied according to the size of the sample. 
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as before. Centrifuge and add the supernatant fluid to the tube 
containing the main portion of the purines. 

To the combined purine solutions add 1 cc. of 10 per cent copper 
sulfate solution and make faintly alkaline to phenolphthalein by 
means of N NaOH. The precipitate, containing the purine, may 
be centrifuged at once. Discard the supernatant fluid. Dissolve 
in 1 ec. of N H,SO, and place the tube in boiling water. When 
hot add 1 ce. of 40 per cent sodium bisulfite solution and at once 
rub the inner walls of the tube with the stirring rod to hasten the 
separation of the reddish brown cuprous bisulfite. After heating 
for 3 to 5 minutes rinse the stirring rod and the walls of the tube 
with a fine stream of hot water. Allow the precipitate to settle; 
then squirt a little hot water on the surface of the liquid to sink 
any floating particles. Centrifuge sharply for at least 10 min- 
utes, decant, and wash the precipitate once with hot water. 

To the washed precipitate add 3 cc. of digestion mixture’ and 
wash into a 100 cc. Kjeldahl flask. Add a 6 mm. glass bead, 
evaporate over a free flame until fumes appear, and then digest 
over a low flame for 15 minutes. Cool, add 15 cc. of ammonia- 
free water, and determine the nitrogen content by distillation as 
previously described (Kerr and Blish, 1932) with methyl red as 
indicator.° 

Macromethod for Determining Individual Purines—A sample 
containing 2 to 3 mg. of purine nitrogen is required. For muscle 
or brain 105 cc. of neutralized trichloroacetic acid filtrate, equiva- 
lent to about 10 gm. of tissue, are a convenient sample. This is 
measured in portions of 35 cc. each into three 50 cc. centrifuge 
tubes with conical tips, one of which should be graduated at 15 ce. 


* A second washing with water often results in a colloidal suspension, 
To avoid this Schmidt (1933) recommended washing with 1 per cent acetic 
acid, while Edlbacher and Jucker (1936) found this also ineffective and 
used 1 per cent acetic acid containing copper sulfate. In our procedure 
the copper hydroxide precipitate eliminates so much of the non-purine 
nitrogen that one washing of the bisulfite precipitate is sufficient. It is 
possible that under some circumstances (e.g. autolyzed tissue, or tissue 
digested with acid) the presence of increased quantities of nitrogenous 
material may make it advisable to wash three times, in which case the wash 
liquid recommended by Edlbacher and Jucker should be used. 

* The methyl red should be recrystallized from alcohol and then dis- 
solved in 50 per cent redistilled alcohol to the point of saturation. 











ee ee eee eee ee ee ee ee eee ee ee 














S. E. Kerr 153 


The uranium precipitation is carried out as described for the 
microprocedure. In order to bring the material all into one tube, 
dissolve one of the precipitates in 2 ec. of 10 N H.SO,, transfer 
to the second tube, and finally to the third (the one provided 
with a graduation mark at 15 cc.). The washings from each tube 
are likewise transferred to the next, with care to keep the final 
volume within 15 ce. The resulting acidity is approximately 
normal (0.3 to 0.5 ec. of the acid being required for solution of the 
precipitate). The nucleotide is next hydrolyzed by immersing 
the tube for 20 minutes in boiling water, after which the solution 
is neutralized with 10 per cent NaOH and then made slightly 
acid with acetic acid. The uranium precipitate is separated, re- 
dissolved in sulfuric acid, and reprecipitated as in the micro- 
method, and the washings combined with the main body of the 
solution of free purines in a 50 ce. pointed centrifuge tube. The 
copper hydroxide precipitation is omitted, for reasons already 
given. 

From this point the procedure followed is that of Hitchings 
(1933) with slight modifications. The following condensation of 
his method is taken verbatim from the dissertation.” 


“The centrifuge tube [containing the free purines] was placed in a boil- 
ing water bath, and when the solution was hot, 0.8 ml. of saturated sodium 
bisulfite solution," and 1 ml. of 10 per cent copper sulfate solution were 
added, and the heating continued for 3 minutes. The precipitate then was 
centrifuged down, and was washed twice on the centrifuge with 4 ml. por- 
tions of hot water. The precipitate was stirred up with 3 ml. of 3 normal 
hydrochloric acid, and this mixture was heated to boiling over a free flame.” 
The solution was diluted to about 10 ml. with boiling water, and immedi- 
ately was placed in a boiling water bath, where a stream of hydrogen 
sulfide was passed through it. When the decomposition was complete 
(about 3 minutes), the mixture was transferred to a 25 ml. volumetric flask, 





1° We wish to thank Dr. Hitchings for permission to publish this portion 
of his thesis. Each step of the procedure represents the result of painstak- 
ing research which is fully recorded in the complete thesis. Microfilm 
copies of the complete dissertation (87 pages) may be obtained from the 
director of the Harvard University Library (Mr. Keyes D. Metcalf), Cam- 
bridge, Massachusetts, at a cost of not more than $3.00. 

" Or 1 cc. of a 40 per cent solution. 

#2 A number of lost determinations due to breakage at this point con- 
vinces us that heating in a boiling water bath is preferable. 
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cooled to room temperature and diluted to the mark. After mixing, the 
solution was pouted through a 7 cm. nitrogen-free filter paper.’’™ 


This solution may now be used for the separate determination 
of total purine nitrogen by the micro-Kjeldahl procedure, and of 
adenine and hypoxanthine as described below. We determine 
total purine nitrogen by ashing 3 cc. aliquots as in the micro- 
procedure. The Hitchings procedure for adenine and hypoxan- 
thine follows. 


“18 ml. were evaporated to dryness in a lipped 200 X 25 mm. test tube 
for the adenine determination.’* The purine hydrochlorides were taken 
up in 4 ml. of hot water; the solution was cooled, and 2 ml. of acidified 
sodium picrate solution were added.'* The solution was filtered immedi- 
ately through a paper pulp mat in a small bore filtration tube,'* and the 
test tube and precipitate were washed first with 2 ml., then with 1 ml. of 
a very slightly acid solution which was one-half saturated with sodium 
picrate. The filtrate and washings were received in a second test tube, 
and after washing down the outside of the filtration tube and the walls 
of the test tube with water, this solution was set aside for the hypoxanthine 
determination. The adenine picrate precipitate was transferred to the 
test tube in which it had been precipitated by means of a stream of hot 
water, and this solution was titrated"’ at the boiling point with 0.02 normal, 
carbonate-free sodium hydroxide. 1 ml. of the alkali is equivalent to 1.4 
mg. of adenine nitrogen.'* 

“3 ml. of 1 normal nitric acid were added to the adenine filtrate, and 
this solution was heated in a boiling water bath. The hypoxanthine and 
chloride were precipitated by adding 2 ml. of 0.2 normal silver nitrate 
solution. The heating was continued for 5 to 10 minutes, and then the 
solution was allowed to cool slowly to room temperature. When cool, the 











8 We prefer to filter the hot solution and wash the tube and filter with 
hot n HCl, and then after cooling dilute to 25ce. Less adsorption of pur- 
ines by the Cu,8 occurs in the presence of hot N HCI than in the cold diluted 
acid. 

1 The evaporation is made by means of a current of hot air while the 
tube is immersed in hot water (Logan, 1930). When the volume has been 
decreased to about 5 cc., the flame under the water bath is removed, so 
that the temperature at the end of the evaporation is about 30°. 

16 Since adenine picrate is soluble in alkaline picrate, the sodium picrate 
is acidified (methyl orange indicator) with picric acid. 

16 See Fiske and Logan (1931). 

17 Titrate to the first color change of the indicator (2 drops of 0.05 per 
cent phenol red, neutralized). 

18 We titrate with the same 0.01 n NaOH as used for the micro-Kjeldahl 
determination. 1 cc. of this is equivalent to 0.7 mg. of adenine nitrogen. 
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e solution was filtered through asbestos in a 2.5 em. filtration tube,'® the 
greater part of the precipitate having been retained in the test tube. The 
precipitate was washed by decantation with three 5 ml. portions of water. 
The hypoxanthine silver picrate was dissolved by 3 ml. of hot concentrated 
nitric acid, and this solution was poured through the filter, and was re- 
, ceived in a third large pyrex test tube. The test tube in which the precipi- 
tation had been carried out and the filter were washed with three more 3 
ml. portions of hot nitric acid. After the addition of 1 ml. of 10 normal 
sulfuric acid, the combined filtrate and washings was evaporated to a small 
volume, and the organic matter was ashed. 3 ml. of water, and 1 ml. of 
saturated ferric alum solution were added, and the solution was titrated 
with 0.01 normal ammonium thiocyanate solution. 1 ml. of the thiocya- 
nate is equivalent to 0.56 mg. of hypoxanthine nitrogen.”’ 


Results obtained by the use of the micro- and macroprocedures 
. for nucleotide are close, and agree with those obtained with the 
older procedure (Kerr and Blish, 1932) when applied to extracts 
of fresh tissues (Table I). The results are more divergent when 
autolyzed tissues are analyzed (Table 1). According to Peham 
(1937) high results are obtained with some tissues by the Kerr- 
Blish procedure on account of the large amounts of uranium 
phosphate and copper hydroxide which are precipitated. This 
does not appear to be true for fresh muscle, brain, or blood. The 
time required for a series of determinations is much less than with 
the older procedure. Four determinations (micro) in duplicate 
may be completed within 3 hours after the neutralized trichloro- 
acetic acid extract of the tissue is available. 

The recovery of nucleotide added to tissue extracts was deter- 
mined by both the micro- and macroprocedures. Portions of 
analyzed solutions of the sodium salt of adenosine triphosphate” 
were added to neutralized trichloroacetic acid extracts of dog 
muscle, the original composition of which was determined simul- 
taneously. Recovery varied from 91.5 to 100.6 per cent by the 
microprocedure, and 98.8 to 100.6 per cent by the macromethod 
(Table I). 


The recovery of nucleoside by the revised microprocedure was 





® A mat of asbestos pulp on a small sintered glass filter serves equally 

well. 
| *° Prepared from a pure dibarium salt by treatment with sodium sulfate 
solution. The barium salt was prepared by a procedure to be published 
in the near future. 
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TaBLe I 
Comparison of Determinations of Nucleotide and Nucleoside Plus Free Purine 


by Revised Micro-, Macro-, and Kerr-Blish Procedures. Recovery of 
Added Nucleotide and Nucleoside (Mg. per 100 Gm. of Tissue) 

All values for the microprocedures represent the average of duplicate 
determinations. In Experiments 27-12 and 27-17 additional pairs of de- 
terminations were made to determine how closely results are duplicated. 
All tissue specimens were taken from dogs under amytal anesthesia. 
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also determined. Powdered frozen brain was added to three 
flasks containing 10 per cent trichloroacetic acid, one of them 
containing adenosine and another guanosine. Analysis of the 
three extracts showed a recovery of 92.3 per cent in the case of 
adenosine and 90.2 per cent for guanosine. 

We find that nucleoside is not quantitatively precipitated with 
copper hydroxide; hence the hydrolysis in normal acid cannot be 
omitted when the filtrate from the uranium nucleotide precipitate 
is analyzed. 


DISCUSSION 


In studies of nucleotide metabolism it is desirable to know the 
extent of deamination of adenine and also the number of phosphate 
groups attached to the nucleoside. The first of these two objec- 
tives has been accomplished in the extension of our method to 
include the separate determination of adenine and hypoxanthine 
by Hitchings’ procedure. Unfortunately the uranium precipitate 
is not suitable for measuring the amount of hydrolyzable organic 
phosphorus precipitated with the nucleotide. In the search for 
other precipitants mercuric acetate was studied, since Fiske and 
Subbarow (1929, b) used this reagent in the preparation of ade- 
nosine triphosphate and stated the yield to be not far from 
quantitative. Moreover this precipitate can be used readily for 
the determination of the various phosphorus fractions after re- 
moval of the mercury by H,S while cold. When applied to the 
neutralized trichloroacetic acid extracts of tissues, however, only 
20 to 30 per cent of the adenosine triphosphate present is pre- 
cipitated by 0.05 volume of 20 per cent mercuric acetate in the 
presence of 2 per cent acetic acid. When the acidity is reduced 
to 0.1 per cent, the precipitation is quantitative, but nucleosides 
and purines are also precipitated (adenosine quantitatively, 
hypoxanthine 87 to 90 per cent). Hence mercuric acetate cannot 
be used in place of uranium acetate to separate nucleotides from 
nucleosides and free purines. 

Although the major portion of the nucleotide of fresh tissue is 
adenosine triphosphate, certain other compounds discovered since 
the publication of our procedure in 1932 are probably also pre- 
cipitated. Diphosphopyridine nucleotide is stated by Myrbiack 
and Ortenblad (1935) to be precipitated by uranyl acetate, at 
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least from purified solutions. Presumably the closely related 
triphosphopyridine nucleotide (Warburg and Christian, 1936) is 
likewise precipitated. We do not know what proportion of the 
total adenine is split from these compounds during the 20 minute 
hydrolysis period. We have ascertained that nicotinic acid 
amide, if set free, is not precipitated by copper and bisulfite 
under the conditions used for precipitating purines. The quantity 
of adenine combined in the pyridine nucleotides may be estimated 
for a number of tissues from the data given by Karrer and Keller 
(1938). From their values for nicotinic acid amide in muscle we 
calculate the equivalent in adenine nitrogen to be 0.012 mg. of 
N per 100 gm., whereas mammalian muscle contains from 40 
to 50 mg. of acid-soluble nucleotide nitrogen.** Hence only 
0.03 per cent of the nucleotide purine in muscle is present in the 
pyridine nucleotide. The figure given by Ochoa (1937) for 
diphosphopyridine nucleotide in rabbit muscle is equivalent to 
0.006 mg. of adenine N per 100 gm. Similar calculations from the 
data of Karrer and Keller (1938) indicate that liver contains 
0.07 mg. of adenine in the form of pyridine nucleotide, roughly 
0.1 per cent of the value found by Dell’Acqua (1935) for nucleotide 
plus nucleoside and free purine N in rabbit liver. These amounts 
are obviously too small to be measured by our procedure, since 
they are exceeded by the error of the method. Horse erythro- 
cytes, however, are reported to contain 12 mg. of triphospho- 
pyridine nucleotide per liter (Warburg, Christian, and Griese, 
1935), a value which corresponds to 0.10 mg. of adenine N per 
100 cc. of cells, the total nucleotide N of which amounts to 1.13 
mg. (Kerr and Daoud, 1935). In this case the adenine combined 
in the pyridine nucleotide appears to represent about one-tenth 
of the total. 
SUMMARY 

The micromethod for determining purine nucleotides published 
by Kerr and Blish (1932) has been simplified and shortened. An 
adaptation of this procedure permitting the separate estimation of 
adenine and hypoxanthine by the procedure of Hitchings (1933) 
is also presented. 


2! Unpublished data. 
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RACEMIZATION OF AMINO ACIDS AND DIPEPTIDES ON 
ACETYLATION WITH KETENE* 


By WILLIAM M. CAHILL anno IRVING F. BURTON 


(From the Department of Physiological Chemistry, Wayne University 
College of Medicine, Detroit) 


(Received for publication, October 14, 1939) 


A method of acetylation that has assumed prominence of late 
involves the use of ketene. Although it reacts with water to 
form acetic acid, ketene combines preferentially with the a-amino 
group of an amino acid dissolved in water, and it was shown by 
Bergmann and Stern (2) that amino acids may be conveniently 
acetylated with this reagent. Because of the simplicity and 
effectiveness of the reaction, ketene has also been used to acetylate 
such physiologically active proteins as pepsin (3) and insulin (4). 
In a recent investigation by Jackson and Cahill (5) it was observed 
that under certain conditions an optically active amino acid, 
when acetylated, yielded a completely racemized acetyl! derivative. 
In the present study, observations on the use of ketene as an 
acetylating agent, with particular attention to its racemizing 
action, were extended to other representative amino acids as well 
as to dipeptides. The racemizing action of ketene was also com- 
pared with that of acetic anhydride. 

l(—)-Leucine as well as the dicarboxylic amino acid, 1(+)- 
glutamic acid, can be conveniently acetylated to yield either the 
optically active or racemized acetylated product, depending upon 
the experimental conditions. As was observed by Jackson and 
Cahill (5), if the solution of an amino acid is kept continuously 
alkaline to phenolphthalein during the introduction of ketene gas, 
no racemization occurs; however, if ketene is allowed to generate 
acetic acid in excess of the alkali present, rapid racemization 
results. An unsuccessful attempt was made to acetylate l(—)- 


*A preliminary report was presented before the Thirty-third meeting 
of the American Society of Biological Chemists at Toronto, 1939 (1). 
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cystine under racemizing conditions. Free sulfur appeared in the 
course of the reaction and no uniform acetylated product could 
be obtained. Du Vigneaud and Meyer (6) have reported the 
splitting out of free sulfur on treating diacetyl-l(—)-cystine with 
acetic anhydride. The racemizing action of ketene on the basic 
amino acids, arginine and histidine, has been reported by Neu- 
berger (7). 

Information as to the rate of racemization was obtained by 
dissolving acetyl-l(—)-tryptophane in alkali and passing ketene 
through the solution. The change in optical activity with respect 
to time is shown on Fig. 1. The pH of the solution was also 
followed by means of a glass electrode and it was observed that 
as long as the pH remained on the alkaline side of neutrality no 
racemization occurred, whereas after the solution became acid, 
rapid racemization resulted. For purposes of comparison acetyl- 











te ors 
Fie. 1. Rate of racemization of acetyl-l(—)-tryptophane on treatment 
with ketene and the pH of the solution at various time intervals. 


l(—)-tryptophane was also treated with acetic anhydride under 
conditions which were shown by du Vigneaud and Sealock (8) 
to cause racemization, and it was found that complete racemiza- 
tion was effected within 15 minutes. 

The mechanism of racemization by acetic anhydride has been 
studied by Bergmann and Zervas (9), who considered several 
possible mechanisms and believed the reaction to be catalytic, 
and by du Vigneaud and Meyer (10) who emphasized the tempo- 
rary formation of an azlactone ring in the racemization process. 
With regard to racemization with ketene, Jackson and Cahill (5) 
found that although acetyl-J(—)-proline could not be racemized 
by this reagent, racemization of acetyl-N-methyl-l(—)-trypto- 
phane, which like proline contains an alkylamino group, could be 
effected. In this latter case the formation of an azlactone, with 
the amino nitrogen bearing a double bond, was not possible. 
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Extremely interesting results were obtained when ketene was 
utilized to acetylate dipeptides. Glycyl-l(—)-leucine and l(—)- 
leucylglycine were chosen for these experiments because in one 
dipeptide the optically active amino acid is in the terminal posi- 
tion, while in the other glycine is in this position. It was found 
that when either of these dipeptides was acetylated with ketene 
in alkaline solution, the optically active acetyl derivative of each 
dipeptide could be readily obtained. When, however, the di- 
peptides were acetylated under racemizing conditions, that is, 
when the solution was not kept alkaline during the course of the 
reaction, the acetyl derivative of glycyl-l(—)-leucine obtained 
was completely inactive, whereas that of /(—)-leucylglycine re- 
tained its full optical activity. 

This selective racemization with ketene is in contrast to the 
racemizing action of acetic anhydride on a dipeptide, observed by 
Bergmann and Zervas (9). These investigators found that at 
least partial racemization of both amino acids in a dipeptide 
occurred on acetylation with acetic anhydride under the condi- 
tions used by them. In the study of Bergmann and Zervas, 
however, acetylation was effected by acetic anhydride in glacial 
acetic acid; 7.e., with the exclusion of water. It was, therefore, 
thought worth while to study the acetylation of dipeptides with 
acetic anhydride in aqueous solution inasmuch as acetylation by 
ketene was effected under these conditions. In these experiments 
glycyl-l(—)-leucine and d(+)-leucylglycine were acetylated by 
acetic anhydride in aqueous solution in the manner used by du 
Vigneaud and his collaborators (6, 8, 10) to prepare the optically 
active as well as the racemic derivatives of amino acids. 
Results were obtained which are similar to those procured with 
ketene. In the case of glycyl-l(—)-leucine either the active or 
racemic acetyl derivative can be prepared, depending upon the 
conditions employed. On the other hand, only the active acetyl 
derivative can be prepared from d(+)-leucylglycine. 

The possible mechanisms formulated by Bergmann and Zervas 
and by du Vigneaud and his collaborators to explain the racemiza- 
tion of amino acids on acetylation with acetic anhydride may be 
applied to the racemization of dipeptides on acetylation with 
either ketene or acetic anhydride in the manner shown in the 
accompanying reactions. 
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The cyclic form (I1) of the acylated dipeptide may be in equilib- 
rium with the ring compound (II, a) or the azlactone (III) may 
be formed which is in equilibrium with its enol form (III, a). 
In either case the asymmetry of the active carbon would be lost. 
The formulas would explain why the terminal amino acid in glycyl- 
l(—)-leucine may be racemized when treated with ketene or 
acetic anhydride under the proper conditions, while the l(—)- 
leucine in 1(—)-leucylglycine, not being in the terminal position 
and, consequently, not having a free carboxyl group, undergoes 
no racemization. The selective racemizing action of ketene, as 
well as of the more common anhydride of acetic acid, may prove 
to be a convenient tool for identifying terminal amino acids in 
peptides. 


EXPERIMENTAL 
Acetyl-l( — )-Leucine—300 mg. of 1(—)-leucine! ({a]?” = +16.5° 
in 20 per cent HCl) were dissolved in 2 cc. of 2.5 Nn NaOH ina 


1 For this and other amino acids thanks are expressed to Dr. Melville 
Sahyun of Frederick Stearns and Company. 
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15 ec. centrifuge tube, and a slow stream of ketene gas was passed 
through the solution for 30 minutes, at the end of which time 1 ce. 
of 2.5 n NaOH was added to keep the solution alkaline. The gas 
was passed through the solution for } hour longer. At this point 
the solution was alkaline to phenolphthalein. Dilute sulfuric acid 
exactly equivalent to the sodium present was added and the solu- 
tion was evaporated to dryness in a vacuum desiccator. The 
residue was extracted with acetone. On evaporation of the 
acetone solution, 260 mg. of crystals were obtained, which on 
recrystallization from water yielded small bars melting at 186°.* 
For CsH,,O;N the calculated N value is 8.09; found, 8.00, 8.04 
per cent. [a]” = —21.0° (3 per cent solution in ethanol). Cher- 
buliez et al. (11) report a melting point of 181° and [a]” = —16.99° 
(in alcohol) for an active acetylleucine obtained from a protein 
hydrolysate in which the amino acids had been acetylated, esteri- 
fied, and subsequently separated by a procedure involving frac- 
tional distillation. The active acetylleucine obtained by these 
investigators was apparently partially racemized. 

Acetyl-dl-Leucine—300 mg. of 1(—)-leucine were dissolved in 
2 cc. of 2.5 n NaOH and acetylated with ketene as above, except 
that at the end of 1 hour the reaction was not terminated but 
ketene was allowed to pass through the solution at double the 
initial rate for 1 hour longer. Shortly after the first hour the 
solution became acid to litmus and after 2 hours the pH was 4.5. 
After recrystallization, 250 mg. of large flat needles melting at 
160-161° were obtained. Fischer (12) reported 161° for acetyl- 
dl-leucine. The substance was completely devoid of optical 
activity. 

Acetyl-l(+)-Glutamic Acid—1 gm. of Il(+)-glutamic acid 
({a}*4 = +32.1° in n HCl) was dissolved in 6 cc. of 2.5 n NaOH 
and ketene was passed through the solution for 1 hour, at the end 
of which time the solution was still alkaline to phenolphthalein. 
Dilute H.SO, exactly equivalent to the alkali originally present 
was added and the solution taken to dryness in a vacuum desic- 
eator over KOH and CaCl,. The residue was extracted with 
ethanol, the alcoholic solution taken to dryness, and the crystals 
obtained recrystallized from a minimum amount of water. 780 
mg. of large prisms, melting at 198-199°, were obtained in two 


* All melting points are corrected. 
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crops. [a}s*° = +3.9° (102.6 mg. in 5cc. of N NaOH). Berg- 
mann and Zervas (9) reported a melting point of 199° and [a]? = 
+3.83° in n NaOH for acetyl-l(+)-glutamic acid. 

Acetyl-dl-Glutamic Acid—1 gm. of I(+)-glutamic acid was dis- 
solved in 2.5 N NaOH and the amino acid was treated with ketene 
as in the preparation of the active derivative, except that the 
ketene was passed into the solution at such a rate that it became 
acid to litmus in 45 minutes. The gas was then passed through 
the solution at twice this rate for 1} hours longer. 900 mg. of 
small irregular prisms melting at 182-183° were obtained. Berg- 
mann and Zervas (9) reported 180° (uncorrected) for acetyl-dl- 
glutamic acid. The material was completely optically inactive. 

Determination of Rate of Racemization of Acetyl-l(—)-Trypto- 
phane—246 mg. of acetyl-l(—)-tryptophane were dissolved in 6 ce. 
of n NaOH and a stream of ketene gas was passed through the 
solution for 15 minutes. After determination of the pH by means 
of a glass electrode, the solution was made acid to Congo red and 
then let stand in the refrigerator for a few hours. The optical 
activity and the melting point of the acetyltryptophane obtained 
were determined. Several portions of acetyltryptophane were 
treated in the same manner, except that the reaction was inter- 
rupted after 30, 45, 60, 90, 120, and 180 minutes, respectively. 
The pH of the solution at these time intervals and the rate of 
racemization of acetyl-l(—)-tryptophane treated in this manner 
are shown in Fig. 1. The optical activity of the acetyltrypto- 
phane obtained after a 15 minute treatment with ketene was 
[a] = +30.8° (46.3 mg. in 5 cc. of 0.1 N NaOH) and the melting 
point was 189-190°; after a 3 hour treatment the product obtained 
was devoid of optical activity and melted at 206°. Du Vigneaud 
and Sealock (8) report [a];’ = +29° (1 per cent solution of sodium 
salt), m.p. 189-190°, for acetyl-l(—)-tryptophane, and m.p. 205- 
206° for acetyl-dl-tryptophane. For comparison acetyl-l(—)- 
tryptophane was treated with acetic anhydride according to the 
procedure of du Vigneaud and Sealock (8). Complete racemiza- 
tion was found to be effected within 15 minutes. 

Acetyl-l( —)-Leucylglycine—300 mg. of I(—)-leucylglycine 
(Schuchardt) were dissolved in 2 cc. of 2.5 n NaOH and ketene 
was passed through the solution for } hour. 1 ce. of 2.5 .N alkali 
was added to keep the solution alkaline and the treatment with 
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ketene was continued for } hour longer. The pH at this time 
was 11.2. Dilute H.SO, exactly equivalent to the base present 
was added and the solution was taken to dryness in a vacuum 
desiccator over KOH and CaCl. The residue was extracted 
with acetone and the acetone solution concentrated until incipient 
erystallization occurred. After having stood in the refrigerator 
for several hours, the solution was filtered and 205 mg. of colorless 
broken needles melting at 193-194° were obtained, which gave 
a)? = —43.2° (52.1 mg. in 5 ce. of HxO). For CywHsO.Ne the 
calculated N value is 12.17; found, 12.08, 12.40 per cent. 

Similarly, acetyl-d(+)-leucylglycine could be obtained by 
acetylation of d(+)-leucylglycine with acetic anhydride according 
to the acetylation procedure used by du Vigneaud and Sealock (8) 
to prepare acetyl-l(—)-tryptophane. The material was isolated 
as above. The product melted at 193-194° and exhibited [a]” = 
+43.7° (1 per cent aqueous solution). 

Acetylglycyl-l( —)-Leucine—300 mg. of  glycyl-l(—)-leucine 
(Schuchardt) were acetylated as above. 260 mg. of colorless 
crystals melting at 129° were obtained. [a]?® = —25.3° (52.3 
mg. in 5 cc. of H,O). Bergmann and Zervas (9) reported [a]* = 
—25.62°, m.p. 129-130°, for acetylglycyl-l(—)-leucine. Acetyl- 
glycyl-l(—)-leucine could also be obtained by acetylation with 
acetic anhydride according to the acetylation procedure of du 
Vigneaud and Sealock referred to above. The melting point was 
129° and a mixed melting point with the product prepared by 
acetylation with ketene showed no depression. [a]” = —25.3° 
(1 per cent aqueous solution). 

Acetylglycyl-dl-Leucine—300 mg. of glycyl-l(—)-leucine were 
dissolved in alkali and acetylated with ketene as above. In this 
case, however, the ketene gas was passed in at such a rate that the 
solution became acid to litmus in 1 hour, and the treatment with 
ketene was allowed to continue for an additional hour. The pH 
at this time was 4.4. 180 mg. of colorless platelets melting at 177° 
and possessing no optical activity were obtained. The melting 
point of acetylglycyl-di-leucine was reported to be 177° by Berg- 
mann and Zervas (9). Acetylglycyl-dl-leucine could also be 
prepared by acetylation of glycyl-l(—)-leucine with acetic an- 
hydride according to the method used by du Vigneaud and 
Sealock (8) to prepare acetyl-dl-tryptophane from l(—)-trypto- 
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phane. The product obtained was devoid of optical activity, 
The melting point was 177° and a mixed melting point with the 
product prepared by acetylation with ketene showed no depression. 

Attempted Racemization of Acetyl-l(—)-Leucylglycine—300 mg. 
of l(—)-leucylglycine were treated with ketene in the same manner 
as glycyl-l(—)-leucine in the preceding experiment. The pH of 
the solution after treatment with ketene was 4.4. 250 mg. of 
colorless broken needles melting at 193-194° were obtained. A 
mixed melting point with the acetyl-l(—)-leucylglycine described 
earlier in this paper showed no depression. [a]?? = —43.5° 
(51.2 mg. dissolved in 5 cc. of H2O). Another similar run yielded 
a product with [a]? = —43.3°. Thus under conditions of acetyla- 
tion sufficient to racemize completely acetylglycyl-l(—)-leucine, 
l(—)-leucylglycine yields acetyl-l(—)-leucylglycine of maximal 
optical activity. 

Similarly, treatment of d(+)-leucylglycine with acetic anhy- 
dride in the manner which was found to racemize completely 
glycyl-l(—)-leucine resulted in the production of acetyl-d(+)- 
leucylglycine. The product obtained showed [a|%” = +43.7° and 
melted at 193-194°. 


SUMMARY 


l(—)-Leucine and I(+)-glutamie acid can be acetylated with 
ketene to give either the optically active or racemic N-acetyl 
derivative, depending upon the conditions employed. 

A study of the rate of racemization of acetyl-l(—)-tryptophane 
by ketene shows that the racemization takes place only when the 
pH of the solution is on the acid side of neutrality. 

Both glycyl-l(—)-leucine and 1(—)-leucylglycine can be readily 
acetylated with ketene to give the corresponding optically active 
acetyl derivative. When acetylated under racemizing conditions, 
however, glycyl-l(—)-leucine yields the completely racemized 
derivative, whereas under the same conditions 1(— )-leucylglycine 
yields acetyl-l(—)-leucylglycine of maximal optical activity. 
Similar results are obtained with acetic anhydride under the proper 
conditions. 

It is pointed out that the selective racemization observed might 
serve as a convenient tool for identifying the terminal amino acid 
in peptides. 
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ON THE ISOLATION OF A GLUCOSE-CONTAINING 
CEREBROSIDE FROM SPLEEN IN A CASE OF 
GAUCHER’S DISEASE* 


By NELLIE HALLIDAY, HARRY J. DEUEL, Jr., L. J. TRAGERMAN, 
anp W. E. WARD 


(From the Departments of Biochemistry, Pathology, and Bacteriology, 
University of Southern California School of Medicine, Los Angeles) 


(Received for publication, October 16, 1939) 


In his recent book Page (1) has described the past and recent 
work on cerebrosides and the present status of knowledge con- 
cerning these compounds. He states, ‘“Cerebrosides are of gluco- 
sidic nature and, on hydrolysis, yield a reducing sugar (galactose), 
a base (sphingosine) and a fatty acid.’”” The only variations in 
the cerebrosides have been considered to be due to the fatty acid: 
phrenosin, kerasin, and nervon containing cerebronic, lignoceric, 
and nervonic acids, respectively. These compounds are found 
. normally in the brain, but in Gaucher’s disease the spleen becomes 
greatly enlarged due to a deposit of cerebroside. 

In the analyses of such spleens emphasis has largely been on 
the identification of the cerebroside as kerasin or phrenosin by 
combustion analysis, by specific rotation in various solvents, by 
the selenite test of Rosenheim (2), or by the melting point and 
molecular weight of the fatty acid obtained after hydrolysis. Less 
attention has been given to the nature of the carbohydrate, prob- 
ably because extensive work on cerebroside from brain has amply 
demonstrated the presence of galactose in this compound. Lieb 
(3) identified the carbohydrate from spleen in a case of Gaucher’s 
disease as galactose by the osazone. McConnell and coworkers (4) 
state that, “‘after acid hydrolysis, sphingosine sulfate, galactose 
and a fatty acid. ..were obtained,”’ without, however, giving the 
method used to identify the carbohydrate. Capper and coworkers 


* The results reported here were given at the meeting of the Society for 
Experimental Biology and Medicine at Palo Alto, June 30, 1939. 
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(5) stated that kerasin and a small amount of phrenosin were 
obtained from a spleen which they analyzed. 

In the spleen which we obtained and on which we wish to report, 
glucose, rather than galactose, was found as the component carbo- 
hydrate, although the cerebroside in other respects closely resem- 
bled kerasin. Because of this unusual finding it appears of interest 
to report briefly the analytical procedures followed, the methods 
used to identify the various compounds obtained, and the results 
on which our conclusions are based. 


EXPERIMENTAL 


The spleen, which weighed about 1500 gm., was removed at 
operation on October 28, 1938. It was held in a formalin fixative 
until December 16, when a sample was removed for analysis. A 
second sample was obtained 2 months later, but in this interval 
of time considerable decomposition of the tissue had taken place. 
As a check on the methods of analysis used, and in order to deter- 
mine whether the fixative could, in some unknown manner, have 
affected the carbohydrate, comparative studies were made on a 
normal human brain, part of which was analyzed fresh and the 
remainder after 6 weeks in a similar formalin preservative. 

Extraction and Purification of Cerebrosides—The first sample of 
spleen was dried to constant weight in a vacuum oven at 45°. 
Two 24 hour extractions with ether were then carried out to 
remove lipids. The tissue was dried and pulverized and extracted 
repeatedly with hot 95 per cent alcohol until no further cerebroside 
was obtained. After filtration of the cerebroside from the cooled 
alcoholic extract, it was dissolved in pyridine and precipitated 
with acetone and then recrystallized from alcohol-chloroform. 
The second sample of spleen and both brain samples were dehy- 
drated with acetone (which process also removed sterols and 
lecithin). After the tissues were dried in vacuo, they were ex- 
tracted with ether and then hot alcohol and the cerebrosides were 
purified as above. These ether extracts were concentrated, and 
when cooled a considerable precipitate was obtained. Since ether 
has been found to extract some cerebroside from brain (1), the 
precipitates were also carried through the pyridine-acetone puri- 
fication and recrystallized from alcohol-chloroform. 

Identification of Compounds—The cerebrosides were identified 
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by solubilities, melting points, and nitrogen content. Determina- 
tions of total phosphorus were made on the purified materials as 
a means of ascertaining how much the cerebroside was contami- 
nated with sphingomyelin. Because of similar physical proper- 
ties it is practically impossible to separate this phosphatide com- 
pletely from the cerebrosides. After hydrolysis, the acids obtained 
were identified by melting points, molecular weights, and solu- 
bilities, sphingosine sulfate by its nitrogen content and melting 
point, and the carbohydrates by fermentation tests and the melting 
points of osazones. In each melting point determination this 
temperature was raised at the rate of 1° every 2 or 3 seconds, as 
recommended by Morrow and Sandstrom (6). The mucic acid 
test for galactose was carried out on two samples of the carbo- 
hydrate from spleen, according to the method given by the above 
authors. In erder to determine whether there might be a 6-gluco- 
side linkage in the cerebroside, samples from both brain and 
spleen were treated with emulsin. Since glucose, fructose, and 
mannose are all fermentable and form the same osazone, it was 
necessary to determine which of these sugars was present, and to 
this end the hydrolysates were treated with microorganisms, 
according to the method of Harding and Nicholson (7). For this 
work it was necessary to use the cerebrosides obtained from the 
ether extracts, since the supply of the original material was 
exhausted. However, as one can see from Table 1, the compounds 
are identical. 


Analytical Methods 


Hydrolysis—Attempts were made to hydrolyze the cerebrosides 
with hydrochloric acid. However, neither the use of 0.6 N 
aqueous acid for 2} hours nor of 5 per cent acid in absolute alcohol 
for 7 hours yielded any appreciable amount of sugar. We there- 
fore followed the method of Rosenheim (8) or of Tropp and Wieder- 
sheim (9) and hydrolyzed the cerebrosides with 10 per cent sulfuric 
acid in methyl! alcohol for 6 hours or with 2.5 per cent acid for 
12 hours. The process was carried out on a water bath under a 
reflux condenser. Large losses of carbohydrate resulted when 
this method was employed, as shown by the low yield after hy- 
drolysis of the cerebrosides. When glucose and galactose were 
subjected to such treatment, only about 70 per cent could be 
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recovered. Yields more nearly approaching theoretical were 
obtained by the micromethod of Kirk (10) in which the materia] 


TABLE I 


Analyses of Spleen from a Patient with Gaucher's Disease Compared with 
Analyses of Normal Brain 








Spleen Brain 
 Twkein | Stwhein | 
| formatin — Fresh — 

Moisture, % fresh weight 78.1 68 .0* 
Acetone-soluble mate- | 

rial, % fresh weight... .| 79.6 89.0 76.5 
Ether-soluble material, | = 

% fresh weight........ 1.7 1.0 8.8 

Cerebrosides 

Aleoholic extract (after 

ether extraction), % | 

dry weight. . es 14.9 8.5 8.5 5.8 
Ether extract, gm.... 0.331 2.15 
M.p. (178°)t 

Alcoholic extract, °C.. 175, 176 | 174 | 174 176, 178 

Ether extract, °C...... 175 | 178, 179 


Nitrogen (1.73)t 
Alcoholic extract, %..| 1.71, 1.74 | 1.60, 1.67 | 1.90,2.00/1.91 


Ether extract, % 1.70 | 1.91, 2.00 
_ |) 2 See | 0.96 | 1.94 0.7 
Hydrolysates | | 
Sphingosine sulfate 
Nitrogen (3.26),t %... 3.00t  -3.00t 
M.p. (242-245°),tf °C.. | 248-250f | 248-250} 


Fatty acids, ester 
% of cerebroside 
aici ss 32.4 (5) 36.6 (3) | 54.4 (2) | 49.7 @) 
M.p. (lignoceric acid | 
81°, cerebronic acid | 
101°) 
Recrystallized from | 
methyl alcohol, | 
Mee Ve... | 78 (2), 77 (2)| 76(1),77(2)| 96 (4) | 94 (4) 
Recrystallized again 
from acetone, °C. .| 76 (2) 90 (2) 
Mol. wt. (lignoceric | 
acid 386, cerebronic | 
acid 408)............ | 384(2) | #370@2) | 








422 (2) 441 (2) 
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TasBLe I—Concluded 





Spleen 








| 
che | the | mm | cee 
Hydrolysates—concluded | | 
Carbohydrate 
% of  cerebroside, 
maximum recovery 
(22.2)t 
Alcoholic extract 
Rosenheim meth- | 
2 yee 15.0 2.2 9.2 5.8 
Kirk method...... 17.9 15.0 
Ether extract, Kirk | 
ea 17.8 24.0 
Loss on fermentation | 
Alcoholic extract,%. 92 (2) 100 (3) | 8 (8) 3 (8) 
Ether extract, %.... 100 (3) 7.4 (8) 
Mucic acid test....... Negative (2) 
Osazone, m.p., (glu- 
cosazone 210-212°, 
galactosazone 
eee 210 198 194 
Mixed with gluco- 
Se 208-209 210-212 
Mixed with galac- | 
tosazone, °C...... 204-205 196 
Hydrolysis by emulsin. 
Sugar in filtrate, %.| 2. 
«  yesidue, %o-| 2 

















5 0.8 
8 6.9 





The numbers in parentheses in the last four columns indicate the total 
number of samples analyzed. 

* Determined on an aliquot of the fresh material. 

t Theoretical value. 

t Mixed sample used. 


is hydrolyzed for only 10 minutes with 3 Nn hydrochloric acid. 
This latter method allows only for determination of carbohydrate, 
but it was also used satisfactorily as a means of confirming con- 
clusions concerning the nature of the monosaccharide. 

Fatiy Acids (and Esters)—After hydrolysis the solutions were 
chilled, and the fatty acid esters removed by filtration, dried in a 
vacuum desiccator, and weighed. They were then saponified and 
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reacidified, and the acids extracted with ether. The ether was 
washed, dried, and then evaporated, and the acids were recrystal- 
lized twice from dry methyl] alcohol and in some cases twice more 
from redistilled acetone. 

The molecular weights of the acids were determined by saponi- 
fication in dilute alcoholic potassium hydroxide, the excess alkali 
being titrated against dilute sulfuric acid. The acids could be 
recovered by acidifying (after the end-point had been reached) 
and extracting with ether. After recrystallization, the acid could 
be used for a second determination. 

Sphingosine—After removal of the lipid material, water was 
added to the hydrolysates and the solutions boiled 1 hour to 
hydrolyze any esters present, after which the alcohol was distilled 
off. The sphingosine was removed with difficulty. If the mate- 
rial was kept ice-cold, the greater part could be filtered off slowly. 
No suction could be applied, since the sphingosine was drawn 
through the filter paper. Attempts were made to extract the 
material by means of ether, petroleum ether, or chloroform, but 
no method found would remove the material completely. The 
sphingosine sulfate obtained was dissolved in alkali, taken up in 
ether, and acidified, and the resulting material recrystallized from 
methyl alcohol. In no case was a quantitative yield obtained, 
and the material was very difficult to purify. However, a sample 
from brain cerebroside was obtained which melted at 248-250° 
(theoretical 242-245°), and a mixed sample from spleen and brain 
contained practically the theoretical nitrogen content. 

Carbohydrate—After removal of the sphingosine the filtrate was 
neutralized with either sodium hydroxide or with barium hydroxide 
followed by carbon dioxide gas to remove the last traces of barium. 
The carbohydrate was determined by the Shaffer-Hartmann tech- 
nique. To determine loss on fermentation, yeast (which had been 
washed and centrifuged five times) was added to an aliquot of the 
solution; the material was held at 37° for 1 hour and then centri- 
fuged, and determination was made of the non-fermentable sugar. 
When the Kirk method was used for hydrolysis, the colorimetric 
method of Jeghers and Myers (11) or the copper method of Hard- 
ing and Downs (12) was employed. Both of these methods are 
more accurate for lower concentrations of sugar than the Shaffer- 
Hartmann. 
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The osazones were prepared by the usual procedures and re- 
peatedly recrystallized from 60 per cent ethyl alcohol. 

The emulsin was prepared from fresh almonds by the method 
of Tauber (13). Its activity was tested against salicin. For 
hydrolysis the dry cerebroside was added to a 1 per cent emulsin 
solution, acetate buffer at pH 4.4 was added, and the flasks held 
at 37° for 48 hours. It is possible that under somewhat different 
experimental conditions a greater degree of cleavage might have 
occurred, but since positive results were obtained it was not 
considered essential to study the matter further. 

Final Identification of Monosaccharide—When samples of glu- 
cose, fructose, mannose, and galactose were carried through the 
microhydrolysis process of Kirk, only about 50 per cent of the 


TaBie II 
Results of Treatment with Proteus vulgaris 


Materials a ae Per cent loss 
mg. mg. | 
Glucose..... 1.44 0.72, 0.68 50 
Fructose 1.44 1.35 7 
Mannose. 1.44 1.44 
Galactose.... 1.44 1.44 
Hydrolysate, spleen 0.80 100 
" brain 0.95 


0.80 15 


Another experiment yielded similar results. 


fructose could be recovered, whereas the other three sugars showed 
no loss. Deuel and Chambers (14) have presented evidence that 
fructose is completely destroyed by boiling 4 hour in 10 per cent 
hydrochloric acid, while this treatment has no effect on glucose. 
Since theoretical yields of sugar were obtained from the cerebro- 
sides by the microprocess and up to about half by the 6 or 12 
hour hydrolysis with sulfuric acid, it appeared certain that the 
carbohydrate present in the cerebroside from spleen could not be 
fructose. This conclusion was borne out by results of the experi- 
ments with Proteus vulgaris. 

A pure strain of this organism was obtained and cultured 
according to the methods given by Harding and Nicholson (7). 
The results from the use of Proteus vulgaris are shown in Table II. 
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DISCUSSION 


The cerebroside separated from the spleen of a patient with 
Gaucher’s disease belongs to a new class of glycolipids which prob- 
ably differ from previously described cerebrosides only because 
they contain glucose in place of galactose. In such properties 
as solubilities, nitrogen content, and melting point of the cere- 
broside itself as well as the nature of the acids obtained after 
hydrolysis the behavior was identical with that of kerasin. On 
the other hand the cerebroside prepared from fresh or preserved 
brain had all the classical properties of the galactolipids. 

The proof that glucose is the component sugar is based on a 
number of tests. In the first place the carbohydrate obtained 
after the hydrolysis of each of ten individual samples of the spleen 
cerebroside (by either the macro- or microprocedure) was invari- 
ably completely fermentable by yeast, while the sugar from the 
cerebroside prepared from the fresh or preserved brain was in no 
case acted on by yeast. Secondly, glucosazone was prepared 
from the spleen hydrolysates; this was identified by its crystalline 
form, melting point, and mixed melting point with known glucos- 
azone. The sugar from both samples of brain cerebrosides was 
identified as galactosazone. Moreover, the sugar from the spleen 
cerebroside failed to give a positive mucic acid test. Lastly, it 
was demonstrated that the sugar from the hydrolysate of the 
spleen was completely destroyed by a culture of Proteus vulgaris; 
in experiments performed simultaneously it was found that a 
known glucose sample was largely destroyed, while mannose, 
fructose, and galactose as well as the carbohydrate from the 
hydrolysates of the brain cerebrosides were not attacked by these 
microorganisms. 

The presence of glucose in the spleen cerebroside cannot be 
traced to an impurity in the cerebroside preparations. Not only 
did the cerebrosides exhibit the properties and analyses attributed 
to this class of compounds but the galactolipids prepared by 
similar procedures from brain contained the galactose molecule 
while no trace of galactose was found in the spleen cerebroside. 
Moreover, the spleen cerebroside contained a maximum of 6 per 
cent of sphingomyelin (as determined by phosphorus content), 
which is the most likely contaminant because of its similar solu- 
bility. The latter lipid, however, does not contain any carbo- 
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hydrate component. Somewhat larger amounts of sphingomyelin 
were probably present in the brain cerebrosides, the values being 
16 and 32 per cent respectively for the cerebrosides prepared from 
preserved and fresh samples. The lower results in the preserved 
samples are in line with the findings of one of us (15) that phos- 
pholipids are rapidly lost when the tissues are held in formalin. 

That the cerebrosides investigated by us are essentially pure 
preparations is also evident from the recovery of approximately 
theoretical amounts of fatty acid and carbohydrate from the 
hydrolysates. This fatty acid in the spleen cerebroside had the 
melting point and molecular weight of lignoceric acid which is 
normally found in kerasin. Although the prolonged hydrolysis 
of the cerebroside with sulfuric acid was necessary to obtain suffi- 
cient fatty acids and sphingosine for their identification, it could 
not be employed for a quantitative recovery of the carbohydrate 
component. However, amounts of carbohydrate approaching the 
theoretical were recoverable by the micromethod of Kirk in which 
a 10 minute hydrolysis with hydrochloric acid is used. In spite 
of the fact that it was impossible to separate sphingosine quantita- 
tively, this compound was qualitatively identified by solubilities, 
melting point of its sulfate derivative, and by the nitrogen content. 
Sphingosine sulfate separated as a black tar-like material which 
was very hydroscopic. After repeated crystallization from methyl 
alcohol, a small yield of crystalline material was obtained. 

The possibility also exists that the preservative used might 
have altered an original galactose molecule in the spleen cere- 
broside in some way to change it to glucose. That such a criti- 
cism is not valid is evident from the fact that the galactose in 
the brain cerebroside was not altered by treatment with a similar 
preservative over the same length of time. 

A difference in the cerebrosides is also apparent from their 
behavior with emulsin. The spleen cerebroside was hydrolyzed 
to an extent of over 50 per cent by treatment with this 8-gluco- 
sidase while the brain cerebroside was not attacked. 

In all probability the glucose-containing cerebroside is the result 
of an anomaly in carbohydrate metabolism rather than the char- 
acteristic of Gaucher’s disease. There seems to be ample evidence 
of the identification of galactose as the carbohydrate component 
in at least one case of Gaucher’s disease (3). Possibly instances 
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in which glucose replaces galactose in the brain cerebroside may 
eventually be noted. 

It is suggested that the term “glycolipid” be reserved for those 
cerebrosides which have glucose as the component carbohydrate 
while “galactolipid” be used to describe the cerebrosides contain- 
ing the galactose molecule. 


SUMMARY 


The cerebroside separated from the spleen of a patient suffering 
from Gaucher’s disease resembled kerasin except that it contained 
glucose rather than galactose. 
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A RAPID MICRO-KJELDAHL METHOD 


By ANCEL KEYS 


(From the Laboratory of Physiological Hygiene, University of Minnesota 
Medical School, Minneapolis) 


(Received for publication, October 28, 1939) 


For the past 4 years we have been using a micro-Kjeldahl 
method which possesses virtues of simplicity, accuracy, and 
rapidity that have led to its adoption by a number of other 
laboratories. The frequency of inquiries about the method would 
seem to justify a description of the apparatus and procedure. 

The most important features of the method are the use of a 
vacuum still, slightly modified from Krogh’s (1934) ammonia 
still, titration with the Rehberg (1926) microburette, and measure- 
ment of small volumes with the Krogh-Keys syringe pipette (1931). 
The method is applicable to quantities of 20 mg. down to 0.01 
mg. of total nitrogen in the sample. With suitable precautions 
the method can be applied to samples containing as little as 
0.0001 mg. of nitrogen if the Teorell (1932) titration isused. With 
quantities of nitrogen equivalent to that ordinarily contained in 
0.1 to 0.2 cc. of blood serum the method is not appreciably less 
accurate than the standard macro-Kjeldahl procedure. ’ 

Reagents (for 0.02 to 0.2 Cc. of Serum)— 

For the digestion fluid 3 parts of concentrated N-free H»SO, and 
1 part of concentrated (85 per cent) H3;PO, were used. 

0.2 N H.SO,. 

1.0 n KOH. 

30 per cent H.Oe (superoxol, or perhydrol). 

Ammonia-free distilled water. 

Alcoholic solution of methyl red (0.01 per cent). 

Measurement of Sample—Samples of the order of 0.2 ce. are 
quickly measured out with the Krogh-Keys syringe pipette (1931)' 

1 The syringe pipettes may be obtained from the Workshop of Professor 
August Krogh, Juliane Maries Vej 32, Copenhagen, Denmark. 
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with an error no greater than +0.1 per cent in the following 
manner. The syringe pipette is flushed with distilled water 
and emptied, so that the dead space of the tip contains only water 
and no air bubbles are present. The sample is then drawn into 
the syringe pipette and delivered into the digestion flask. The 
syringe pipette is then flushed out three or more times with distilled 
water, the washings being delivered into the digestion flask each 
time. The entire procedure takes between 1 and 2 minutes and 
the syringe pipette is then ready for the next sample. The ac- 
curacy of measurement is not appreciably affected by viscosity 
and red cells may be measured as readily as serum. 

Digestion —Digestion is carried out in ordinary 100 cc. Kjeldahl 
flasks which have been fitted with standard taper, 24 to 40 mm., 
female, ground joints. If necessary, add distilled water to bring 
the volume to at least 5 cc. Add two glass beads and | cc. of the 
digestion mixture. Digest over a microburner for 10 minutes, re- 
move the flame, and add 1 drop of 30 per cent H:O2. Continue 
digestion over the flame for 10 minutes more, cool, and add 20 ce. 
of NH;-free distilled water. Other digestion mixtures may be 
used if desired, provided they are nitrogen-free. The present 
digestion mixture etches the flasks, but when they get bad the 
bottoms may be replaced at small cost. We have not found any 
other digestion mixture so rapid and trouble-free. 

Digestion may be carried out in an ordinary hood without spe- 
cial precautions against the negligible amount of H»SO, vapor. 
During digestion it may be necessary to provide agitation to 
prevent bumping. We use a simple rack carrying eight flasks 
(25 inches long by 6 inches wide), one leg of which is slightly shorter 
than the others. The rack may be rocked gently by hand or, 
better, by a small motor. 

Distillation Apparatus—The distillation apparatus is shown in 
Fig. 1.2. This apparatus is designed to carry out distillation in a 
partial vacuum; the continual admission of a small supply of air 
through the fine capillary resistance washes through to the receiver 
any ammonia which would otherwise tend to be trapped in the 
system and greatly shortens the time needed to transfer all the 
ammonia to the receiver. Thermometer tubing makes a suitable 


*The apparatus may be obtained from Mr. E. F. Greinke, 37 Physics 
Building, University of Minnesota, Minneapolis. 
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Fig. 1. Still for distillation of ammonia in a partial vacuum, showing 
complete apparatus in use during distillation. 
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capillary resistance. The air admitted is first bubbled through 
10 per cent H,SO, in the wash bottle. A screw-clamp on the 
second wide bore tube is provided to admit air to bring the 
system quickly back to atmospheric pressure when the distilla- 
tion is completed. 

The ground glass joints are lubricated with alkaline glycerol 
which is prepared by cooking six or seven KOH pellets (about 
0.5 gm.) in 50 ee. of glycerol until the solution, when cooled, is a 
thick syrup. The hole in the rubber stopper which carries the 
glass rod supporting the distillate receiver is likewise lubricated 
with alkaline glycerol. 

Provision is made for the rapid addition of a measured quantity 
of alkali to the digestion flask after the system is closed and at a 
partial vacuum by means of the screw-clamp on the line from the 
burette. 

Distillation—The arrangement during distillation is shown in 
Fig. 1. At the start the serew-clamp on the alkali burette is 
closed, the screw-clamp on the air admission tube is open, and 
cold water is circulating in the condenser. The flask with the acid 
digest is put in place with a drop of alkaline glycerol on the ground 
joint. The air admission tube must reach nearly to the bottom 
of the flask. The standard acid (1 cc. of 0.2 N for most purposes) 
is placed in the receiving tube; this is inserted in its housing and 
adjusted by sliding the glass rod support until the acid level is 
about a cm. below the tip of the distillation line. Then the screw- 
clamp on the wide bore air admission tube is closed and the 
vacuum started. After a moment or so the receiver is adjusted 
so that the incoming air blows into the acid but does not cause it 
to splash. The proper amount of strong KOH (usually 5 ee.) 
is then admitted to the flask by opening the screw-clamp and 
distillation is begun. 

As distillation proceeds, the receiver is lowered from time to 
time to keep the distillate at a level where there is no splashing. 
The vacuum should be sufficiently high so that rapid distillation 
takes place with the flask never more than comfortably warm to 
the touch. When about 8 ce. have been distilled, the burner is 
shut off and the neck of the flask and the connecting head warmed 
for a few moments by flaming them with a burner held in the 
hand. The receiver is then lowered well below the tip of the 
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condenser tube and the vacuum shut off. The system is quickly 
brought back to atmospheric pressure by carefully opening the 
screw-clamp on the wide bore air line. The receiver may then be 
removed. It should be stoppered until ready to titrate. The 
entire procedure of distillation takes from 6 to 10 minutes. 
Titration—Titration is performed with the Rehberg micro- 
burette, 0.2 cc. capacity,’ with 1 N KOH for all except the most 
extremely small amounts of nitrogen. The distillate receiving 
tube is hung in the forked support arm of the burette by means of 
the groove in the tube which also serves to prevent loss of the 
standard acid in the case of splashing either in distillation or 
titration. The air used for stirring in the titration is preferably 
washed through dilute KOH and dilute H,SO, solutions. A 
standard amount of methyl red (e.g., 2 small drops of the alcoholic 
solution) is used as indicator. We prefer to add the indicator to 
the acid in the receiving tube before distillation. 
Calculation—The results are calculated in the ordinary manner. 


Mg. N in sample = 14 X (ec. of acid X normality of acid minus ec. of 
titration fluid * normality of alkali) 


If the sample is 0.200 cc., and if 1.000 ec. of standard acid of 0.200 
normality is used and if the alkali used in titration is 0.2 N, the 
calculation is 


Gm. N per 100 cc. = 1.400 — 1.400 X cc. of titration fluid 


In all cases the difference between the blank titration and the 
titration of the standard acid alone must be subtracted from the 
gross titration value for the sample. 

Accuracy—The limits of the method are given by the titration 
of standard acid controls. With the Rehberg microburette and 
measurement of the acid with the Krogh-Keys syringe pipette such 
controls are readily repeatable within +0.0002 cc. with 1 N 
KOH and within +0.0005 ce. with 0.2 n KOH in the burette. 
The values correspond with +0.0028 and +0.0014 mg. of nitro- 
gen. In the actual determination of nitrogen, however, some 
errors are introduced in the measurement of the sample, the 
digestion, and the distillation. 


*The Rehberg microburette may be obtained from the Macalaster- 
Bicknell Company, Cambridge, Massachusetts. 
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The ordinary accuracy of the method may be gaged from (1) 
the agreement between repeated analyses, and (2) comparison with 
the standard macroprocedure. A large number of data are 
available on these two points. All analyses in this laboratory are 
run in duplicate, so that we have thousands of repeat determina- 
tions with the method. In six series taken at random (forty-six 
sets of results) from the note-books of the past 2 years, the 
mean discrepancy between duplicates amounted to +0.00048 ee. 
in titration or +0.00060 milliequivalent (the KOH averaged 
1.233 Nn). The greatest discrepancy was 0.0009 ec. or 0.0011 
milliequivalent. These values agree with our general experience; 
we repeat the measurement when a duplicate titration disagrees 


TaBLe I 
Appropriate Quantities and Concentrations for Different Concentrations of 
Nitrogen or Protein 








. HSOv i 
we Sample es : a Ee cont KOH 
Volume Concentration | © titrate 
gm. per 100 cc. ce. ee. N = # 
0- 0.03 5 1.0 0.02 0.1 
0- 0.8 2 1.0 0.2 1.0 
0- 9T 0.2 1.0 0.2 1.0 
9-18 0.2 2.0 0.2 1.0 


* Calculated from protein = 6.25 X nitrogen. 
¢ All ordinary blood serum or plasma. 





by as much as 0.0012 cc. and such repetitions are only very rarely 
necessary. : 

For more than a year we made a routine practice of running 
duplicates by the standard macroprocedure on at least every 
tenth blood sample. No systematic error was found in approxi- 
mately 150 such comparisons and the agreement of the two 
methods was always better than the sum of the average errors of 
the two separate methods. Equally satisfactory results were 
obtained by eight different technicians in my own laboratories 
and by other analysts in several other laboratories which have 
adopted the method. 


DISCUSSION 


We have found the volumes and concentrations given in Table 
I cover all ordinary concentrations of nitrogen to be analyzed. 
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The sensitivity of the method can be increased somewhat by ad- 
justing concentrations and quantities of the reagents more closely 
to the amount of nitrogen in the sample. 

Under ordinary conditions of work, from six to eight determina- 
tions, including blanks and controls, may be carried out from start 
to finish in 2 hours by a single analyst. In a very busy laboratory 
it is sometimes advantageous to operate several stills; a single 
analyst can run as many as forty determinations in a day with 
two stills. 


SUMMARY 


A micro-Kjeldahl method is described. The method is more 
rapid than the ordinary macro-Kjeldahl procedure and is not 
appreciably less accurate. Nitrogen quantities corresponding to 
that contained in 0.1 to 0.2 ce. of blood serum are very satis- 
factory. 

The method involves measurement of samples and standard 
acid with syringe pipettes, distillation in a partial vacuum, and 
titration with a 0.2 cc. capacity microburette. 
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MOLECULAR WEIGHT OF EGG ALBUMIN 
By F. W. BERNHART 


(From the Department of Biochemistry, Tulane University, New Orleans, 
and the Laboratory of Physiological Chemistry, University of Minnesota 
Medical School, Minneapolis) 


(Received for publication, November 10, 1939) 


Estimates of the molecular weight of egg albumin range from 
33,800 (1) to 40,500 (2). This paper deals with the molecular 
weight of egg albumin as determined from a large number of 
analyses of tyrosine, tryptophane, and phenylalanine. Analyses 
of total nitrogen, amide nitrogen, and the known basic amino acids 
were carried out in an attempf to check the postulate of Bergmann 
and Niemann (3) that the egg albumin molecule contains 288 
amino acids. 


EXPERIMENTAL 


Egg Albumin—Egg albumin was isolated by the method of 
Cole (4). After two recrystallizations the protein was dialyzed 
and electrodialyzed, with the apparatus described by Bernhart, 
Arnow, and Bratton (5). The protein solution was air-dried in 
large glass trays protected from dust, and then stored over phos- 
phorus pentoxide. A solution of this dry preparation in distilled 
water had a pH of 4.75. 98 per cent of a solution of this prepara- 
tion was coagulated by heat. 97 to 98 per cent of the dried egg 
albumin was soluble in distilled water. The ash content was 
0.014 per cent and the loss in weight upon drying at 105° to con- 
stant weight was 1.0 per cent. All analyses are calculated on a 
moisture- and ash-free basis. 

Phenylalanine—Phenylalanine was determined by the Kapeller- 
Adler (6) procedure. 

Tyrosine and Tryptophane—Tyrosine was determined by the 
method of Folin and Marenzi (7). Tryptophane was determined 
by Lugg’s (8) procedure and by the method of Folin and Ma- 
renzi (7). An Eastman No. 61 green filter was placed over the 
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colorimeter eye-piece during colorimetric comparison of tyrosine, 
The same filter was used for tryptophane determined by the 
Lugg method. 

Basic Amino Acids—The hexone bases were determined by the 
method of Block (9). 

Total and Amide Nitrogen—Total nitrogen was determined by 
the Kjeldahl method (10). Amide nitrogen was determined after 


TABLE I 
_ Calculation at Molecular Weight of Egg Albumin = Analysis 








] | Determination | 








2 
| | | ‘by other inves- ‘ 3 
| | Lee ie 
wien i 5s oi a isi. 
Amino acid Method | &2 \Average 2% é z 3 
@| 58 agi ¢ ig| & 
a cE EE = € 
3) 88 ss £ | i 
é to 23 £ C) & 
Zi< 2) = Z = 
| per cent per cent | 
Tyrosine....... Folin and | 19 0.03 3.89 3.93 (7) 4, 650) 4 |18,600 
Marenzi 
Phenylalanine... Kapeller- 11 0.06 5.37* 5.07¢ (12) 3,100) 6 /18,600 
Adler 
Tryptophane... Lugg 8 0.03 1.11f 18,400) 1 |18,400 
” ... Folin and 16 0.03 1.13 | 1.16 (7) 18,100) 1 |18,100 
Marensi 
ie a atelier a i a Rn rr iy<senaauee 18,400 





* Individual analyses (aneertasted fer melatuss) vam been published 
(11). ° 

t Determined by isolation. 

t Five of the values were obtained after addition of known amounts of 
tryptophane to the unknown. 


4 hours of hydrolysis with 6 Nn HCl. Excess HCl was removed by 
vacuum distillation. Aliquots of a solution of the pasty residue 
were made alkaline by addition of excess potassium carbonate and 
the ammonia was aerated into standard acid. 


Results 


The values obtained by analyses of tyrosine, phenylalanine, and 
tryptophane are shown in Table I. 
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From the analytical data obtained, the minimal molecular 
weight of egg albumin is estimated to be 18,400. Data obtained 
from physical methods give values for the molecular weight of egg 
albumin varying from 34,000 (13) to 40,500 (2). The above value 
of 18,400 multiplied by 2 gives a value of 36,800 for the molecular 
weight of egg albumin. 














TaB_e II 
Nitrogen of Egg Albumin 
Determination 
Atoms | by other investi- 
4 gators - 
Determination cae Found | | Biblio- sa | peptide 
r-4 hi N 
mole |sraphic | 
a6 800) L- 4 
No. 
Ts heidi - ae cers ; ace } salen 
percent per cent percent | per M 
Total N. 400 iw. 27 15.36 | (15) | 15.27 | 
Amide “‘........ jusdias walcel kale? 0, ee 1.13 | (16) | F 28 
Histidine...... —_— 4 1.6* | 1.5 | (17); 1.7 | 8 
| 1.7¢ | 
Arginine... ....{ 12] 5.3¢ | 54 | G7] 5.7 | 36 
Lysine...... Shaecsesescl Se? aan | 7) | 4.8 | 12 
Tryptophane................. 2/11 | 12] @i] 11] 2 
Polysaccharide (5% N, mol. 
wt. 1200) Ee ae 1 3.5 | (14) | 3.3 bell 
Me a Fes ccus cc edeucccce camo chen geiecltts cae | 90 
400 — 90 = 310 








* Purified by mercury and copper putstaibidiidt. 

t Not purified by mercury and copper precipitation. 

t Corrected for solubility of arginine silver (18). 

§ Corrected for solubility of lysine phosphotungstate (19). 


This value agrees closely with the value (35,700) calculated by 
Bergmann and Niemann (3). Recently Neuberger (14) isolafed 
3.5 gm. of a carbohydrate prosthetic group from 100 gm. of recrys- 
tallized egg albumin. The isolated polysaccharide contained 5.0 
per cent N and had a molecular weight of around 1200. 

Bergmann and Niemann did not consider the presence of carbo- 
hydrate in their calculations of molecular weight. If it is assumed 
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that 1 molecule of polysaccharide is present in each egg albumin 
molecule, as Neuberger’s (14) data indicate, consideration of both 
sets of data leads to an estimation of 36,900 as the molecular 
weight of egg albumin. 

After the molecular weight was estimated, an attempt was made 
to find the value for the number of amino acids per mole of egg 
albumin. The following method was used. If the nitrogen atoms 
known not to be joined in peptide bonds are subtracted from the 
total number of nitrogen atoms per mole, the difference represents 
the nitrogen atoms joined in peptide bonds and present at the end 
of the peptide chain. If the view is accepted that the protein 
molecule is essentially a peptide chain, then this figure represents 
the number of amino acids. Nitrogen atoms which are known to 
exist in the side chains are (1) amide nitrogen, (2) nitrogen of the 
prosthetic group, and (3) 1 atom of nitrogen for each molecule 
of lysine and tryptophane, 2 atoms of nitrogen for each molecule 
of histidine, and 3 nitrogen atoms for each molecule of arginine. 
The result will not be correct if unknown basic amino acids or 
nitrogen-containing prosthetic groups are present. 

The analytical results and calculations are shown in Table II. 


DISCUSSION 


With the calculation employed by Bergmann and Niemann (3) 
to estimate the molecular weight and number of amino acids per 
mole of protein, an average amino acid residue weight must be 
assumed unless the protein has been completely analyzed. In the 
case of egg albumin in which only about two-thirds of the total 
amino acids has been identified (20) there is no way of finding out 
the average amino acid residue weight by direct chemical 
means (21). 

In this paper in the calculation of molecular weight from chemi- 
cal composition the assumption of an average amino acid residue 
weight is avoided and analyses of tyrosine, tryptophane, and 
phenylalanine are depended upon solely. In the calculation of 
the number of amino acids per mole of egg albumin the assump- 
tion of an average amino acid residue weight is likewise avoided, 
but the result obtained rests upon the assumption that no unknown 
basic amino acids or nitrogen-containing prosthetic groups are 
present in the egg albumin molecule. 

Both methods of calculation give closely agreeing values for 
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the molecular weight. The number of amino acids per mole cal- 
culated by the present method (310) approaches closely the value 
of 288 calculated by Bergmann and Niemann. 

The agreement obtained may be considered as evidence of the 
correctness of the assumptions made by Bergmann and Niemann 
in regard to the chemistry of egg albumin. 


SUMMARY 


1. Analyses of the tyrosine, tryptophane, and phenylalanine 
content indicate a minimal molecular weight of 18,400 for electro- 
dialyzed, moisture-free egg albumin. 

2. Calculations indicate the presence of 310 amino acids per 
mole of egg albumin. This result rests on the assumption that 
no unknown basic amino acids or nitrogen-containing prosthetic 
groups are present in the egg albumin molecule. 
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APPARATUS FOR THE CONTINUOUS DRYING AND 
EXTRACTION OF BIOLOGICAL MATERIALS. AP- 
PLICATION TO THE EXTRACTION OF THE 
NEUTRAL FAT FRACTION OF FECES 
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CONNOR 
(From the Pediatric Research Laboratory, The Jewish Hospital of Brooklyn, 
New York) 
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The extraction of liquid or moist biological materials almost 
invariably involves preliminary drying of the sample. This is 
usually accomplished by heating the finely divided specimen on a 
steam bath or in a drying oven at 105-110°. The length of time 
necessary for complete dehydration depends upon the surface 
exposed, the temperature of drying, and the circulation of air 
above the material. One method of insuring (1) complete desic- 
cation involves the addition of a volatile water-soluble solvent 
after the sample has been dried sufficiently to be powdered, and 
then heating to drive off the solvent. Final traces of moisture 
are then removed after the sample has stood for several days in a 
vacuum desiccator. 

It is quite apparent that these procedures are open to several 
serious objections. In the first place, the analyst can never be 
certain that his sample is absolutely free of water. Water and 
steam pockets are frequently encountered. Prolonged heating 
may cause decomposition. Volatile solvents added to aid drying 
usually extract fats which deposit on the walls of the drying 
vessel and the final product is not truly homogeneous in composi- 
tion. As a consequence of the many precautions which are thus 
taken, the process of drying involves a considerable expenditure 
of time. Days, and sometimes weeks, are required for an analysis 
involving a preliminary drying. Then, too, analyses of very 
fatty substances are a problem in themselves. A gummy product 
results, one which contains water bound in such a fashion that it 
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cannot be removed. The substance defies pulverization and 
causes the analyst great inconvenience. 

However, the most serious objection that can be leveled at any 
drying process that involves prolonged heating at temperatures 
of 100° or higher is that of the decomposition engendered. Easily 
oxidizable materials combine with the oxygen of the air at these 
temperatures. Some (2) prevent this by heating in vacuo. The 
elevated temperature, nevertheless, does not prevent substances 
other than water from escaping. Volatile substances and steam- 
distillable materials are lost. Some fatty acids, important 
constituents in lipid fractionation, are believed to be lost in this 
fashion. Obviously, the dry weight then is not a true picture of 
the amount of water contained in the sample analyzed. 

It was with these facts in mind that the present study was 
undertaken. A drying procedure was sought which would remove 
only water, involve a minimum of time, and give complete desic- 
cation. Since the next step in the analysis of the dried material 
usually involves an extraction, an apparatus was sought which 
would perform both tasks; namely, drying and extraction. 

The Dean and Stark (3) moisture distillation apparatus was 
first tried, with a volatile liquid. Complete drying was obtained 
in 3 to 4 hours by suspending 100 gm. of wet feces in boiling 
benzene. The dried and powdered stool, when compared with a 
sample of the same specimen dried on a steam bath, offered a sharp 
contrast in so far as physical appearance was concerned. The 
latter consisted of a dark brown to black powder, while the 
former was light tan in color. It is quite apparent that some 
drastic changes must have occurred in the feces which had been 
dried on the steam bath. 

This apparatus, however, was not completely satisfactory. As 
previously pointed out, during drying in an organic solvent fats 
are extracted which deposit on the walls of the drying vessel after 
removal of the solvent. Furthermore, an apparatus was sought 
which would continuously extract as well as dry the material under 
investigation. 

A special apparatus was designed and constructed with these 
ends in view. Fig. 1 is a diagram of the apparatus. The wet 
sample is weighed into a weighed extraction thimble, previously 
extracted and dried, and placed in compartment B. The solvent 
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is then introduced through the mouth of C, the apparatus having 
been set up and connected, with the exception of the condenser D. 
Enough solvent is admitted barely to reach the level of the side 
arm through which siphoning occurs. The condenser is then 
connected. Water baths are placed under A and B and main- 
tained at a temperature sufficient to create a vigorous ebullition 





Fic. 1. Apparatus for continuous drying and extraction of biological 
materials. 


of the solvent. Though no solvent is placed in flask A, a hot 
water bath must surround it to volatilize any solvent which drips 
into it. The water contained in the stool has an appreciable 
vapor pressure at the boiling point of the solvent chosen (60-80°) 
to distil over to C together with the solvent. Condensation of the 
vapors permits the water to settle at the bottom of C, owing to its 
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greater specific gravity. The water céntent can then be read 
directly. Drying usually involves 1 to 2 hours. 

At the end of this time, the water bath surrounding B is cooled 
to a temperature just below the boiling point of the solvent. 
Extraction now occurs. This is continued as long as is necessary, 
When extraction is complete, the thimble and its contents are 
dried at 110° for 2 hours and weighed. The solvent in flask A is 
removed by distillation in the same apparatus, being collected 
by opening the stop-cock at C. The last traces of solvent are 
removed by applying a slight vacuum to the flask. The weight 
of the residue in flask A added to the weight of the solid material 
in the extraction thimble represents the dry weight of the sub- 
stance. 

This procedure has several advantages over those generally 
followed. A true dry weight is obtained, volatile materials being 
extracted by the solvent and caught in flask A. Oxidation is 
prevented by avoiding high temperatures and an atmosphere of 
oxygen, the vapors of the solvent having displaced the air. Con- 
sequently, higher dry weights should be expected. The water 
content can be read directly at C, an advantage possessed by no 
other method. The drying time is cut considerably and the 
substance is thoroughly dried. No water pockets can form here 
because the boiling solvent seeps into the most inaccessible 
recesses. The extraction is more thorough than in usual extraec- 
tions in an ordinary Soxhlet extraction apparatus. The use of 
the latter has long been recognized as an efficient and convenient 
process for the extraction of dried materials. The apparatus in 
Fig. 1 affords a means of performing a hot extraction in contra- 
distinction to the cold or at best warm extraction of the Soxhlet 
apparatus. It also permits of the convenient removal and re- 
covery of the solvent in flask A, making the extraction and drying 
process very inexpensive. 

The apparatus itself can be put to many uses other than that 
just described. This is due to the fact that all connections are 
interchangeable. It can, therefore, when A is connected with the 
condenser, be used for ordinary refluxing. Without C, it can 
serve as a Soxhlet apparatus. Without B, it can serve as a drying 
apparatus similar to that of Dean and Stark. It is evident, 
therefore, that such an apparatus has many and varied uses. 
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Extractions of drugs, as sulfanilamide and its derivatives, 
poisons in toxicological work, and lipids are but a few of its many 
applications. As an example, a study of the extraction of the 
neutral fat fraction (consisting of neutral fat, fatty acids, and 
unsaponifiable substances) from feces was undertaken. The 
importance of this determination clinically was one of the chief 
factors influencing this selection. There is a vast literature on 
this subject, many methods being in use. One widely used is that 
of Holt, Courtney, and Fales (4), which is essentially an adapta- 
tion of the Rose-Gottlieb method for the analysis of milk powders. 
Subsequent workers (1, 5) have altered the procedure in one way 
or another with a view to improving its accuracy, but it still 
remains troublesome and time-consuming. One of the latest 
modifications of this procedure is that of Tidwell and Holt (2), by 
which some of its difficulties are avoided. Dried stools are ex- 
tracted four times with a mixture of ethyl and petroleum ethers, 
centrifuging being employed to prevent the tendency of emulsions 
to be formed during the extractions. While this method gives 
excellent results on the recovery of fats, fatty acids, and un- 
saponifiable material added to stools, it is doubtful whether all 
the fat is actually extracted. Other experimenters (5, 6) have 
used ethyl ether or petroleum ether in a Soxhlet extraction appa- 
ratus for the same purpose. Long periods of extraction, however, 
are necessary. Warth (6) found that the material extracted by 
petroleum ether from feces in 16 hours amounted to 80 per cent 
of that extracted in 108 hours. Then, too, it is a disputed question 
whether the analysis of feces dried on a steam bath is the best 
procedure to follow. Although there is an extensive lipid litera- 
ture based on this way of drying, Fowweather (7) and others 
point out that it is inaccurate. Fowweather claims more com- 
plete extraction of fat from wet stools, while Folin and Wentworth 
(5) point out that drying on a steam bath causes the formation of 
soaps from the fatty acids and volatilizes the more volatile fatty 
acids. 

It seemed desirable therefore to apply our apparatus to the 
problem. Wet feces could be used, thus insuring a better ex- 
traction and a higher fatty acid fraction. Higher fat results 
should be obtained than those gotten by procedures involving 
but a few extractions in a separatory funnel or centrifuge tube, 
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because of the continued extraction over a longer period of time 
which an extraction apparatus affords. 

A solvent was sought which should have the following char- 
acteristics. (1) It should have a boiling point much lower than 
that of water but high enough to remove it from the feces in a 
reasonable length of time. A temperature of 60-70° was thought 
optimum. (2) It must be immiscible with and dissolve a mini- 
mum amount of water. (3) Its density must be sufficiently 
lower than that of water to permit of rapid settling of the latter 
without the formation of troublesome emulsions. (4) It must 
be an excellent fat solvent, yet extract a minimum of other mate- 
rials, especially soaps. (5) It should be inexpensive and readily 
available on the market. 

A number of solvents were tried but only two proved at all 
satisfactory. The first, benzene, was discarded because of its 
tendency to form emulsions with water and because its boiling 
point was thought too high. A search of the literature failed to 
reveal the use of the second in any fat analysis of fecal material. 
This compound is isopropyl ether, a liquid having a density of 
0.7258 (20/4) and a boiling point of 67.5°. It is an excellent fat 
solvent, dissolves very little water, does not form emulsions with 
water, and is rather cheap and readily available. In fact, as will 
be shown later, it is far superior to the more common fat solvents. 
Furthermore, it was found that the time required for complete 
extraction of fat was lessened materially, complete extraction 
being secured in about 10 hours. 

With the suggested procedure it is believed that a more com- 
plete extraction in a shorter period of time, requiring less attention 
on the part of the analyst, and giving a truer picture of the distri- 
bution of the components of the neutral fat fraction of feces, is 
obtained. 

Apparatus—The apparatus in Fig. 1 consists of four parts 
labeled A, B, C, and D. All connections are interchangeable 
ground glass connections (Pyrex No. 29/42), whose top diameter 
measures 29.2 mm. and whose bottom diameter is 25.0 mm. 
The entire apparatus is made of Pyrex glass. 

A consists of an ordinary 125 ml. Erlenmeyer flask to which 
has been sealed the female part of the ground glass joint. 

B is the extraction and drying chamber. It is 20 cm. in length 
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and its outside diameter is 3.44 cm. The outside diameter of the 
upper side arm is 1.29 cm. This side arm makes a right angle 
bend 6.7 cm. from the main tube and extends 17.5 em. from the 
bend. The upper side arm is 17 cm., and the lower rises 10 cm., 
from the bottom of the tube. The outside diameter of the inner 
side arm is 0.53 cm., the bottom of which is 1 em. below that of the 
main tube. The main tube and the side arm are both sealed to 
the male parts of the ground glass joints. 

C is the moisture trap. The advantage of this specially de- 
signed trap is that once the water is distilled up into the condenser 
and drops into the trap, it must stay there. With the usual type 
of Dean and Stark trap the drops of water form beads on the 
surface of the solvent or an emulsion in the trap and are carried 
back into the flask. This modification does not permit the water 
to return to the flask because the flow through the side tube is 
not strong enough to carry the falling drops up into it. The tube 
is 20.8 cm. in length from the top of the male ground glass joint 
to the tip of the stop-cock. Below the joint the tube measures 
1.6 cm. in outside diameter and tapers into a tube of 5 em. diam- 
eter (outside), graduated in tenths of a ml. and of 5 ml. capacity. 
The larger side arm has an outside diameter of 1.6 cm. and slopes 
very slightly to a right angle bend about 6 to 7 cm. from the 
main compartment. The length of the side arm from this bend 
to the bottom of the female joint is 18.7 em. The smaller side 
arm has an outside diameter of 0.53 em. and is sealed to the tube 
at a height of 1 to 2 cm. above the graduated section. It has a 
slight bend in it and is sealed to the side arm at a slightly greater 
height than in the main tube. D is a standard Hopkins condenser 
whose cooling length is 20 cm. The use of a Hopkins condenser 
in place of a Liebig condenser prevents the condensation of water 
on the outside of the condenser jacket. 


M ethod 


3 to 5 gm. of moist feces are weighed into an extraction thimble 
(Whatman, inside length 50 mm., inside diameter 19 mm.) which 
has been previously extracted for 2 hours with isopropyl! ether in 
the apparatus (Fig. 1) and then dried for a similar length of time 
in an oven at 100-110°. These thimbles can be kept indefinitely 
in a vacuum desiccator after this treatment. Weighings are best 
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performed in weighing bottles, owing to the tendency of the 
thimbles to take up water and of the stool to lose water by evapora- 
tion. It is imperative that the stool selected be a representative 
sample. This can be accomplished by adequate mixing in a 
mortar previous to weighing. 

The thimble is now placed in part B and the apparatus con- 
nected, with the exception of the condenser. Isopropyl ether 
(redistilled over sodium, boiling point 66-69°) is then admitted 
through the mouth of C until sufficient solvent has been added 
barely to reach the level of the side arm through which siphoning 
occurs. The condenser is then connected and the water baths 
under A and B heated until the isopropyl ether boils vigorously. 
This is continued for about 1} hours. At the end of this time, 
the water bath under B is cooled to about 60° and maintained 
at this temperature for the remainder of the extraction, 10 hours, 
At the end of this time, the volume of water at C is noted and 
discarded, the water bath under B is heated to boiling, and the 
solvent distilled and collected at C. Flask A, whose weight is 
known, is now removed from the apparatus and the last traces 
of solvent contained in it evaporated by applying a slight vacuum. 
When cool, it is weighed. The difference in weight represents the 
amount of isopropyl ether-extractable material. This consists 
_almost entirely of the neutral fat fraction and is purified by 
solution in petroleum ether (boiling point 35-60°) and filtration 
into a weighed 100 or 150 ml. beaker. Owing to the tendency of 
lipids to be absorbed by filter paper and to the difficulty en- 
countered in washing it free, a special filtration procedure is 
suggested at this stage. The petroleum ether is decanted into a 
50 ml. centrifuge tube, centrifuged at 3000 r.p.m. for 5 minutes, 
and decanted through a funnel loosely stoppered with a small 
plug of cotton. Three or four transfers of about 30 cc. each are 
usually found adequate. The petroleum ether is evaporated on a 
water bath to a small volume. The last traces are removed in 
vacuo. The weight of the residue in the beaker represents the 
amount of neutral fat, fatty acids, and unsaponifiable material 
contained in the ofiginal sample. 

Fatty acids can be estimated by dissolving this residue in 20 ce. 
of 95 per cent ethyl alcohol and titrating with aqueous 0.1 N 
sodium hydroxide near the boiling point of alcohol. Phenol- 
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phthalein is used as indicator. 1 drop of a 1 per cent alcoholic 
solution is added. A blank should be run on the alcohol to 
determine the amount of alkali necessary to neutralize any acids 
present. 1 ml. of 0.1 N alkali is assumed to neutralize 28.4 mg. 
of fatty acid (5). 

The dry weight of the stool can be determined by removing 
the thimble from the apparatus and drying it at 110° for 2 hours. 
Cool in a desiccator and weigh. The weight of its contents added 
to the weight of the isopropyl ether-extracted material represents 
the dry weight of the stool. 


Calculation 


Dry weight = weight of dried residue in extraction thimble + weight of 
isopropy! ether-extracted material in flask A 


% solids = (dry weight)/(wet weight) x 100 
rs weight of water (volume may be used) 
% water = . x 100 
weight of wet stool 


weight of fraction 


% neutral fat fraction (dry weight) = =e x 100 
dry weight 
weight of fraction 
% “es “ec se (wet “ce ) = c g neemnieementian x 100 


wet weight 
Weight of fatty acids (in mg.) = ((titration of unknown) — blank) X 28.4 
weight of fatty acids 


% fatty acids (dry weight) = x 100 


dry weight 
% neutral fat and unsaponifiable = % neutral fat fraction — % fatty acids 


EXPERIMENTAL AND DISCUSSION 


In Table I are listed the results of an experiment comparing 
the ability of several solvents to extract the neutral fat fraction 
from feces previously dried in boiling benzene. In the case of 
Solvents 1 to 7, 500 mg. of dried feces were extracted eight times 
with 10 ml. portions of the solvent. The solvent was then evap- 
orated and the residue weighed. The residue was dissolved in 
petroleum ether and filtered, according to the procedure described 
under ‘‘Method,”’ and transferred quantitatively to another 
weighed beaker. After the evaporation of the petroleum ether, 
the beaker was reweighed. 

In the case of Solvent 8, the stool was previously boiled with 1 
ml. of 95 per cent alcohol until all the aleohol was evaporated and 
then extracted with petroleum ether. This was done in the hope 
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that prior treatment with boiling alcohol might make the feeal 
fats more easily extractable. In Solvent 9, the stool was extracted 
with petroleum ether in an ordinary Soxhlet extraction apparatus 
for 8 hours. The higher per cent of extractable material in this 
case was probably due to the fact that some particles of the finely 
powdered stool were carried over mechanically to the weighed 
flask. That this was probably the case is shown by the loss in 
weight after re-solution in petroleum ether. It is to be noted that 
isopropyl ether extracts more lipids, i.e. petroleum ether-soluble 
material, than any of the other solvents. The results in Table I 
as in others to be presented are all averages of duplicate analyses, 


TABLE I 
Petroleum Ether-Soluble Material in Fecal Extracts of Various Fat Solvenis 


Per cont 
Solvent anuaitae — ee 
material =| “material 
bi Detscloun NR acts chiles ¢ Megih ida. x 20.0 19.8 
2. Ethyl ether... oe 21.2 20.8 
3. Benzene......... 20.9 20.3 
4. Bloor’s reagent (aleohol-ether 3:1) er 19.6 14.6 
i Seer 13.4 13.0 
6. Isopropyl ether. AEET SUC SURED. sa cainnas 37.3 27.4 
7. High boiling petroleum ether, b.p. 60-67° 19.1 17.7 
8. Prior treatment with alcohol followed by 
petroleum ether extraction.......... 18.1 18.1 
9. Extraction with petroleum ether in Soxhlet 
PUNE, vc veccccssnesevevcenas 22.6 20.3 








In our later work, extraction with petroleum ether in a Soxhlet 
extraction apparatus over a period of several hours was chosen 
as a reference method for comparison with our own procedure. 
This can be justified on the grounds that this solvent extracts 
as much fat as most other solvents tested. 

Dry weights obtained by drying on a steam bath are compared 
with dry weights obtained by suspending the stool in boiling ben- 
zene, in Table II, and in boiling isopropyl ether, in Table III. 
As has been predicted, owing to decomposition and volatilization 
of volatile constituents, higher per cent solids are gotten by drying 
in an organic solvent than by drying at elevated temperatures in 
the presence of air. 
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In Table III, the authors’ method of extraction is compared 
with another method of extraction. Feces, dried on a steam bath 
were extracted with petroleum ether for 5 hours in a Soxhlet 
apparatus. In the authors’ procedure, the stool was dried in 
boiling isopropyl ether for 1} hours, then extracted at 60° for 34 
hours with the same solvent. A great deal more fat, richer in 
fatty acids, is extracted by the proposed procedure than by the 


TaBLeE II 
Per Cent of Solids in Feces 


Sample r= ome —_ Per cont oii. 6 one on 
A 29.5 27.7 
B 26.8 26.4 
Cc 29.5 28.7 
TaBLe III 


Comparative Analysis of Solids, Neutral Fats, and Free Fatty Acids in Feces 


Per cent neutral fat — Fatty acids, per 
f : Per cent fatty acids cent of fecal fat 


Per cent dry weight 


raction 
Sam- ~- v 
i. » | Dried on ’ — ~ » Petroleum » Petroleum 
\Anethod | Steam | Tiethod | teaction | Sethod | ether-ex- |Anehory | ether ex- 
| feces 
1 | 26.9 25.6 19.8 17.9 11.7 3.9 59 22 
2 34.8 | 33.1 20.5 13.1 10.6 4.5 52 34 
3 33.5 | 30.9 | 15.9 9.6 9.0 2.5 57 26 
4 17.3 16.6 16.8 8.9 10.1 4.1 60 46 
5 29.7 | 27.2 19.9 17.9 12.1 3.6 61 20 
6 29.4 25.8 21.7 17.9 13.7 2.6 63 15 





other method. No doubt the volatile fatty acids which are lost 
in drying on the steam bath are an important factor in this in- 
crease. Another reason may be found in the work of Folin and 
Wentworth (5) who suggest that soap formation is influenced by 
the application of heat and the presence of hydrogen sulfide, car- 
bon dioxide, ammonia (substances found in air and which may be 
present during drying), calcium, and magnesium. The soaps are 
probably formed at the expense of the fatty acid fraction. This 
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would account for the low percentages of fatty acids found in feces 
which had been dried in air at high temperatures. 

The authors’ method is compared with that of Tidwell and Holt 
(2) in Table IV. Wet stools were used in their procedure for the 
sake of maintaining comparable conditions. In their procedure 
the feces are suspended in boiling 50 per cent alcohol, and extracted 
four times with a mixture of ethyl and petroleum ethers. This 
was done, but many more extractions were performed, thirty in 
all. The combined extracts were evaporated and the residue 























TABLE IV 
Comparison of Present Method of Fecal Analysis with That of Tidwell and 
Holt 
Per cent neutral fat fraction Per cent fatty acids Per cent fatty acids of fecal fat 
~ Authors’ | Tidwelland | Authors’ | Tidwelland | Authors’ | Tidwell and 
method | Holt | method Holt method Holt 
7.50 3.63 | 4.02 1.16 57 44 
TABLE V 
Time Necessary for Complete Extraction of Fecal Fat 
ae Neutral fat frac- | Completeness of | Neutral fat frac- | Completeness of 
tion extraction tion extracted extraction 
lee, | percent | percent | percent | percent 
3 22.3 91.4 21.0 91.7 
10 24.0 | 98.4 22.6 98.6 
17 24.3 99.6 22.8 99.6 
24 24.4 | 100 22.9 100 
36 24.4 100 22.9 100 








purified by dissolving it in petroleum ether and filtering. The 
results in Table IV are based on the weight of wet stool. Higher 
fat values are obtained in the authors’ method, in which extraction 
was continued for 10 hours after the 2 hour period of drying. 

The physical appearance of the fat extracted by the authors’ 
procedure offers a sharp contrast with that extracted by other 
methods. The first is usually colored atight yellow or yellowish 
green, is invariably crystalline, and easily soluble in warm 95 per 
cent alcohol. The titration of the fatty acids here is comparatively 
simple, the end-point being fairly sharp. Not so in the case of 
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other procedures tried. Here the fat is a dark brown amorphous 
mass, most of which is insoluble in alcohol. Consequently, the 
fatty acid titration is not as simple. The end-point is difficult 
to perceive owing to the masking of the red color of phenolphtha- 
lein in alkaline solution. A true titration is difficult to obtain 
because some fatty acids are encased in the gummy masses which 
defy solution. Vigorous stirring is necessary to overcome this. 

The results of a study of the time necessary for complete 
extraction of the fat are given in Table V. Complete extraction 
is secured in 24 hours. However, since almost complete extraction 
is obtained in 10 hours, extraction for this length of time is recom- 
mended. The small error in this case, which amounts to about 
1.5 per cent, and the greater convenience justify this change. 


SUMMARY 


1. An apparatus is described which is capable of drying bio- 
logical materials, such as feces, tissues, organs, bones, blood, and 
other body fluids, and extracting organic substances such as fats, 
drugs, and poisons. 

2. With this apparatus, a study has been made of the neutral 
fat fraction of feces. A method has been proposed and compared 
with others widely used. 

3. A new solvent for the extraction of fat from feces has been 
introduced which has proved more efficient than other common 
fat solvents. 
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THE ACTIVATION ENERGY OF UREA HYDROLYSIS 
CATALYZED BY SOY BEAN UREASE 
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(Received for publication, October 31, 1939) 


The rate of most chemical reactions increases exponentially 
with temperature in accordance with the Arrhenius equation. 
The older literature on enzyme-catalyzed reactions (for references 
ef. Haldane (1930), Tauber (1937)) indicates that these do not 
conform, since the activation energy decreases with rise in tem- 
perature instead of being invariant. More recent studies do not 
confirm this general statement, however, but indicate that the 
reaction velocity of certain enzyme systems increases with tem- 
perature in conformity with the Arrhenius equation up to the 
inactivation temperature of the enzyme (Bodansky, 1939; Craig, 
1936; Crozier, 1924; Gould and Sizer, 1938; Hadidian and Hoag- 
land, 1939; Sizer, 1937, 1938, 1939). Bodansky (1937) has em- 
phasized the fact that in much of the earlier work little attention 
was paid to pH control, and velocity constants were often im- 
properly computed. 

A comparison of the activation energies of catalytic systems in 
which the enzyme has been obtained from different species can 
yield valuable information concerning the biochemical relation- 
ships of enzymes. Sizer (1937) reported an activation energy of 
13,000 calories per gm. mole for sucrose hydrolysis by malt invert- 
ase as compared with 11,000 calories for yeast invertase (1938). 
Bodansky (1939), on the other hand, obtained a value of 9940 
calories for the hydrolysis of sodium 6-glycerophosphate by either 
human or cat bone phosphatase. Activation energies of either 
8700 or 11,700 calories were reported (Sizer, 1939) for urea hydrol- 


* Contribution No. 160 from the Department of Biology and Public 
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ysis by crude or crystalline jack bean urease. With this figure 
may be compared the calculation of von Euler (1920) of 20,800 
calories, later corrected to 12,000 (1922), from the data of Van 
Slyke and Cullen (1914) on soy bean urease. The latter figure 
was checked by Sizer (1939) who obtained a value of 11,700 
calories. 

In this study the hydrolysis of urea catalyzed by soy bean urease 
has been investigated as a function of temperature in order to 
compare the activation energy with those of the jack bean urease 
system. If jack and soy bean ureases are comparable, it might be 
possible to obtain activation energies of both 8700 and 11,700 
calories under the proper conditions for soy as well as jack bean 
urease. 


EXPERIMENTAL 


The urease was purified from either Arico' or Cellu*® soy bean 
flour. Enzyme solutions were prepared according to the method 
of Van Slyke and Cullen (1914) by suspending the flour in water 
and separating the urease solution frem the insoluble material 
by filtration or centrifugation. In addition to this aqueous 
solution of urease a large number of more highly purified prepa- 
rations were made. These were prepared by successive precipita- 
tions of the urease by various concentrations of acetone, alcohol, 
and ammonium sulfate. After each precipitation the enzyme was 
dissolved in water. In some cases the final urease solution was 
dialyzed free of non-colloidal material. Besides the studies which 
were made on the urease purified to various degrees from two 
different soy bean flours, tests were also performed in which 
unmanipulated and unmodified urease as present in the bean 
(yellow variety) was used. The temperature kinetics of unex- 
tracted urease in the soy bean were compared with jack bean 
urease in a similar state. 

A stock solution was prepared which contained 3 per cent urea, 
5.4 per cent NasHPO,, and 4.25 per cent KH,PO,. The phosphate 
buffered the digest to pH 7.0 (optimum pH for urease activity) 
and kept the alkalinity produced by the liberated NH; from 
increasing by more than 0.1 pH unit while the reaction was being 


! Arlington Chemical Company, Yonkers, New York. 
? Chicago Dietetic Supply House, Inc., Chicago. 
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studied. To 2 ml. of urea-phosphate solution were added 1 ml. 
of enzyme solution and 1 ml. of stabilizer which was usually an 
oxidizing or a reducing solution. The stabilizer was added in view 
of the fact that the urease molecule is unstable and can be readily 
activated or inactivated by the addition of reducing or oxidizing 
agents (Hellerman, 1937). The activation energy of the jack 
bean urease-urea system is 11,700 calories when oxidizing agents 
are present, but is 8700 calories in the presence of neutral or 
reducing agents (Sizer, 1939). 

During the course of urea hydrolysis the liberated NH; dis- 
solves in the solution, while the CO, is evolved and can be meas- 
ured manometrically (Van Slyke, 1927; Krebs and Henseleit, 
1932). Hydrolysis follows the same apparent course whether 
studied by measurement of NH; production colorimetrically after 
nesslerization or CO, evolution manometrically with the Barcroft 
differential manometer (Sizer, 1939). 

The 4 ml. of reaction mixture were placed in one cup of the 
manometer and 4 ml. of water in the control cup. From 2 to 3 
minutes adaptation to the temperature of the water bath were 
allowed before the stop-cocks were closed. From ten to fifteen 
manometer readings were taken at each temperature during the 
time required for the evolution of 100 to 500 c.mm. of gas. The 
temperature of the water beth was controlled to +0.05°. A 
pressure change of 1 mm. on the manometer was found to corre- 
spond to a change in volume of 2.6 ¢.mm. Since the number of 
molecules in a unit volume of gas at a given pressure varies with 
the temperature, it was necessary to convert the gas volumes to 
the standard temperature of 0° to make them comparable. 


Results 


In Fig. 1 is plotted CO, evolution as a function of time for a 
solution containing 2 ml. of urea-phosphate, 1 ml. of water, and 
1 ml. of urease (saturated (NH,)2SO, precipitate of a 30 per cent 
aqueous extract of Cellu soy bean flour). From the figure it is 
apparent that the reaction follows a linear course during the first 
phase of the hydrolysis at all temperatures between 0.2-50°. 
Rates of hydrolysis were calculated from the slopes of the straight 
lines drawn through the plotted points and expressed as ml. of 
CO, evolved per minute. This proved to be an accurate method 
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of determining rate, since errors of separate readings are largely 
eliminated. 

While the data of Fig. 1 are typical, there were occasional en- 
zyme preparations which were so unstable that the plotted points 
fell off from a straight line after only 0.2 to 0.3 ml. of CO, had 
been evolved. In a few experiments a brief lag occurred at the 
start of the reaction. In all cases, however, it was possible to 
calculate rate of hydrolysis from the linear portion of the curve. 
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Fig. 1. Hydrolysis (as measured by ml. of CO, evolved) of 1.5 per cent 
urea (in phosphate buffer, pH 7.0) by soy bean urease is plotted as a func- 
tion of elapsed time in minutes for several different temperatures. The 
reaction follows a linear course at all temperatures. 


In Fig. 2 log rate of hydrolysis is plotted against the reciprocal 
of the absolute temperature. Since the plotted points are best 
fitted by a straight line, it is clear that the data are in accord with 
the Arrhenius equation 


__ 2.3038 log (s/s) 
% 1/T; — 1/7; 





where u is the energy of activation in calories per gm. mole, R the 
gas constant, and k, and ky the rates at the respective absolute 
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Fie. 2. Log rate of urea hydrolysis by soy bean urease plotted against 
the reciprocal of absolute temperature. The distribution of the curves 
along the ordinate is arbitrary. Data of Van Slyke and Cullen on hydroly- 
sis as measured by NH; formation, Curve 1; ©, dilute urease solution used; 
6, concentrated urease solution used. Hydrolysis as measured by CO, 
evolution, Curves 2 to 7. For details of each urease preparation see the 
text. In each experiment the digest contained 2 ml. of urea-phosphate, | 
ml. of urease, and 1 ml. of one of the following: O, H,O; X,0.2™ 
K,Fe(CN),; ©, 0.2m K,Fe(CN)s; O, 0.14 m sulfite ; e, 0.2m Na,8,0;; A, 
0.2m KCN. 
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temperatures 7; and T,. The distribution of the curves along the 
ordinate is purely arbitrary. The slope of Curves 1, 2, and 3 
corresponds to an activation energy of 11,700 calories. In Curve 
1 are presented the data of Van Slyke and Cullen (1914) who 
followed hydrolysis by distilling off and titrating the liberated 
NH;. The velocity constants of the data for concentrated urease 
have been adjusted so that the 20° point coincides with that for 
the dilute urease. The 60° point is doubtless low because of 
temperature inactivation of the enzyme which occurs between 
40-60°, depending upon a variety of factors. In Curve 2 are 
presented the data of Fig. 1, as well as those procured when 1 ml. 
of 0.2 m K;Fe(CN). or 1 ml. of 0.2 m K,Fe(CN). was used as 
stabilizer instead of 1 ml. of H,O. For Curve 3 the Arlco soy 
bean urease was purified from the aqueous extract by successive 
precipitation with saturated (NH4)2SO,, 50 per cent alcohol, and 
50 per cent acetone. Water or a 0.14 mM mixture of Na.SO; and 
NaHSO; (pH 7.0) was used as stabilizer. 

Strikingly different results are presented in Curves 4 and 5 of 
Fig. 2 where the data fit straight lines with a corresponding activa- 
tion energy of 8700 calories. For the data of Curve 4 the urease 
was a 50 per cent acetone precipitate of a 25 per cent aqueous 
suspension of Arlco flour; 0.2 m NaeS.O; was the stabilizer. For 
Curve 5 the urease was purified by successive precipitation of a 
10 per cent acetone extract of Arico flour by 0.5 saturation with 
(NH,)2SO,, 50 per cent acetone, 0.5 saturated (NH,)2SO,, and 40 
per cent alcohol. The stabilizers were H,O, 0.2 m K;Fe(CN)s, 
and 0.2 m KCN. 

Two straight lines intersecting at a critical temperature best 
fit the plotted points of Curves 6 and 7 of Fig. 2. The corre- 
sponding activation energies are 11,700 calories below and 8700 
above the critical temperature. For Curve 6 the urease was the 
same as for Curve 3, but the stabilizers were 0.2 m K;Fe(CN)s 
and 0.2m K,Fe(CN)s. For Curve 7 the urease was a 0.5 saturated 
(NH,)2SO, precipitate of a 30 per cent suspension of Cellu flour. 
The stabilizers were 0.2 m K;Fe(CN), and 0.2m KCN. 

In a small number of experiments an activation energy of 7000 
calories was obtained over the whole temperature range. It is 
not known whether this represents a new value for the familiar 
urease-urea system, or whether this figure is indicative of a differ- 
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ent urease enzyme which is sometimes present in soy beans. 
With regard to this it is interesting to note that the activation 
energy of 7000 calories was never obtained with Cellu soy meal, 
and never with Arico soy bean urease after it had been highly 
purified. 

From Fig. 2 as well as from 67 additional temperature studies 
not shown in the figure, it is apparent that the activation energies 
for the soy bean urease-urea system are 11,700 or 8700 calories 
over the whole temperature range, or 11,700 below and 8700 
above a critical temperature. It appears that the particular 
value obtained depends upon the following factors: (1) The source 
of the soy bean flour. One encounters » = 11,700 calories more 
frequently with Cellu than with Arlco flour. (2) The method and 
degree of purification of the urease. Curves 3 and 5 (where water 
was the stabilizer) are characterized by respective » values of 
11,700 and 8700 calories; yet the only difference in the two series 
of experiments was the manner in which the urease was purified. 
(3) The stabilizer added to the reaction mixture. Data for curves 
3 and 6 were procured simultaneously, the only difference being 
the stabilizer employed; yet the temperature effects are very 
different in the two cases. 

Since either of two activation energies can be obtained for the 
soy bean urease-urea system, it is of interest to learn which of these 
two values characterizes the urease as it naturally occurs in the 
bean, where there is no possibility of the urease becoming modified 
by milling and extraction procedures. For this purpose the pro- 
tective seed coat was removed from a single bean, the two halves 
(cotyledons) separated and soaked overnight in either 0.4 m 
K;Fe(CN)., or 25 per cent acetone, or water saturated with 
toluene. These inhibitors suppressed respiration so that volume 
changes in the flask were due only to CO, liberated from urea. 
Each bean was placed in a separate Barcroft flask to which were 
added 2 ml. of urea-phosphate and 2 ml. of the respective inhibitor. 
After each temperature run the digest was discarded and the bean 
rinsed three times with water before being used again. 

The CO, evolution was a linear function of time, just as was the 
ease for hydrolysis by the various urease solutions prepared from 
the flour. In an Arrhenius plot of the data (Fig. 3) the points fall 
along a straight line which has a slope corresponding to » = 11,700 
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calories, when water saturated with toluene is the stabilizer (Curve 
1), and to » = 8700 calories when 12.5 per cent acetone or 0.2 y 
K;Fe(CN). is present (Curve 2). In Curve 3 are presented the 
data for the same experiment with the same inhibitors, but with 
one-fourth jack bean (one-half cotyledon) substituted for one soy 
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Fia. 3. Log rate of CO, evolution from urea catalyzed by urease not 

extracted from the bean. The Barcroft flasks contained 2 ml. of urea- 

phosphate plus 2 ml. of one of the following: O, water saturated with 


toluene; X, 25 per cent acetone; A, 0.4m K;Fe(CN)s. Curves 1 and 2, one 
soy bean added to digest; Curve 3, one-fourth jack bean added to digest. 





bean. Scrutiny of the figure indicates that the data conform to 
the Arrhenius equation where u = 8700 calories. 


DISCUSSION 


Duplicate experiments in some cases were performed at all six 
temperatures. With different stabilizers two, three, or four sepa- 
rate studies were made on a single enzyme preparation at each 
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temperature. In duplicate experiments the manometer readings 
did not differ from the average by more than 5 per cent. The 
straight lines drawn through the plotted points were fitted by 
“eye,”’ a method which checks that of the “least squares’’ within 
about 2 per cent (Hoagland, 1936). The activation energies are 
accurate to about +200 calories. 

It appears significant that the activation mechanism for the 
urease system from two different genera of legumes, Canavalia 
ensiformis and Glycine hispida, is essentially identical for the two 
enzymes. In the case of crystalline jack bean urease an activation’ 
energy of 8700 calories was associated with neutral or reducing 
agents and » = 11,700 calories with oxidizing agents present in the 
digest. No such correlation between activation energy and 
oxidation-reduction potential is apparent for crude soy bean 
urease, however, in which other factors complicate the situation. 
For both enzymes a shift in activation energy could be elicited by 
modifying the composition of the digest. Under certain condi- 
tions with both enzymes two activation energies characterize the 
system with » = 11,700 calories below and » = 8700 calories 
above the critical transition temperature. Although enzymes 
from different species may not be immunologically identical 
(Northrop, 1939), they are very similar chemically and physically 
and may have the same mechanism of activation as is indicated 
by the urease and phosphatase systems. 

A study of the activation energy of an enzyme from several 
unrelated species must be made to determine whether or not the 
identity of activation energy for a single enzyme from different 
species is a general phenomenon. For some enzyme systems it 
seems likely that the activation energy is independent of the 
species, since for a number of physiological processes the » values 
are the same for many different organisms and probably can be 
referred to the underlying pacemaker enzyme-catalyzed reactions 
which determine physiological rates (Gould and Sizer, 1938; 
Hadidian and Hoagland, 1939). 


SUMMARY 


The kinetics of urea hydrolysis have been studied with urease 
partially purified from two different samples of soy bean flour. 
The course of the reaction was followed by measuring CO, evolu- 
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tion with the Barcroft manometer. At all temperatures CO, 
liberation is a linear function of elapsed time. 
Over the temperature range from 0.2—50° the data are in accord 


with the Arrhenius equation in which the energy of activation 


is either 8700 or 11,700 calories per gm. mole, depending on the 
composition of the digest. With certain enzyme preparations the 
activation energy was 11,700 calories below and 8700 calories 
above a critical temperature. The identity of activation energies 
for the soy bean and jack bean urease-urea system has been 
pointed out. 

When a temperature study was made of hydrolysis by un- 
extracted urease still present in the soy or jack bean, the acti- 
vation energies were identical with those for the extracted and 
purified enzymes. 
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The ability of the kidney, liver, and intestine to synthesize 
phospholipid (1) and the presence of metabolic phospholipid in 
these organs (2-4) have been demonstrated. The finding that 
the rate of incorporation of radioactive phosphorus into the phos- 
pholipid of the kidney, unlike the phospholipid of the liver and 
intestine, is not affected by feeding fat (4) suggested that the 
kidney phospholipid might be more concerned with phosphorus 
metabolism than with fat metabolism. If so, an increase in renal 
phosphorus metabolism should be accompanied by an increase in 
the rate of kidney phospholipid synthesis; the latter could be 
detected by the use of radioactive phosphorus. 

In this study, an increase in kidney phosphorus metabolism, as 
shown by an increase in the urinary phosphorus excretion (maxi- 
mum increase 61 per cent), was induced by NH,Cl acidosis. A 
comparison of the rates of incorporation of radioactive phos- 
phorus into the kidney phospholipid of normal and acidotic rats 
made it possible to decide whether the kidney phospholipid was 
concerned with phosphorus excretion. The turnover of phos- 
phorus in the whole kidney was studied to determine whether the 
non-lipid fractions of the kidney also were involved. The evidence 
presented below indicates that both the phospholipid and the non- 
lipid phosphorus fractions of the kidney are concerned equally 
with phosphorus metabolism, since whenever NH,Cl induced a 
urinary phosphorus excretion above the control level, there was a 
nearly equal increase in turnover of the total phosphorus and the 
phospholipid of the kidney. 
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Procedure 


Young adult rats ranging in weight from 130 to 180 gm. were 
used. A 12 hour fasting period, which preceded the feeding, 
served the double purpose of insuring that the rats were in the 
postabsorptive state and of decreasing the amount of feces ex- 
creted during the experimental period, which was desirable since 
a separation of feces and urine was necessary. 

After the fasting period, the animals were given the solutions 
by means of a calibrated syringe, a long, blunt syringe needle 
serving as a stomach tube, and immediately placed in individual 
cages. Within a group, the controls received 1 cc. of a NagHPO?* 
solution! (5) and the experimental animals received 1 cc. of an 
NH,CI solution which contained the same amount of Na,HPO,. 
The dose of phosphorus, 8 mg., did not vary from group to group, 
but the radioactivity of the dose varied from 11,000 counts per 
minute to 13,800 counts per minute on our scale-of-four Geiger- 
Miller counters (6), except in Group VI which received 77,800 
counts per minute. The dose of NH,Cl was 100, 150, or 200 mg. 

The animals were killed 17 hours after feeding; a blood sample 
was taken and the kidneys were removed for analysis. The 17 
hour period was used because it occurs near the peak of Chaikoff’s 
curve for the incorporation of radioactive phosphorus into the 
phospholipid of the kidney (4). The effect of acidosis on the time 
at which this peak is reached is still to be investigated. 

The urines were filtered after the volumes had been roughly 
determined. The number of washings and the volume of water 
employed in the filtration were identical in each case. Aliquots 
of the filtrates were taken for the determination of titratable 
acidity and for an ash, the acid solution of which was used for the 
determination of phosphorus (7) and the degree of radioactivity. 

The kidneys were weighed separately immediately after removal 
from the body. A lipid extract was made from one kidney, and 
the phospholipid precipitated according to the usual procedure 
(8); the degree of radioactivity and the amount of phospholipid 
(8) were determined. The acid solution of the ash of the other 
kidney was analyzed for total phosphorus and its radioactivity 
determined. The citrated blood samples were treated in the man- 
ner described for the ashed kidney. 


1 The asterisk indicates radioactive phosphorus. 
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Analytical determinations were made in duplicate with the 
exception of a few cases in which there was not sufficient material. 
The determinations of the degree of radioactivity of the samples 
were carried out on a Geiger-Miller counter in the manner in 
general use in this laboratory (6). The degree of radioactivity 


Tasie | 
Urine of Control and Experimental Rats 
The control rats received Na:HPO,*. The experimental rats received 
Na,HPO,* and NH,Cl. The “high experimental” rats excreted in the 
urine an amount of phosphorus in excess of the control level. The “‘low 
experimental’’ rats eliminated an amount of phosphorus comparable to the 
control excretion. 











In- 
ri Range Mean (a..) Py 
ec. ect per cent 
Urine volume | Control 11 | 0.8 3.6) 20+0.5 
Experimental 31 3.6-8.5| 6221.3 | 210 
High experimental) 18 | 4.5-8.5| 6820.9 | 240 
Low ~ 13 | 3.6-8.2| 5.4241.5 | 170 
0.1N acid ex- | Control 21 | 0.04.1) 2.420.7 
creted Experimental 34 | 1.0-6.4| 442408) 8 
High experimental) 21 | 3.7-6.4| 4.92+0.6 | 104 
Low - 13 | 1.0-5.0) 362409) 5B 
mg. mg. 
P excreted Control 21 | 7.1-14.6 | 10.2241.5 
Experimental 33 | 3.8-16.4| 12.642.1 | 22.6 
High experimental) 21 | 12.2-16.4| 14.0240.9 | 37 
Low 8 12 | 3.8-11.2| 9.341.3 | —9.0 
per cent per cent 
P, % of original | Control 21 | 9.9-20.1 | 18.14 2.0 
dose excreted) Experimental 33 | 4.1-29.2/ 173254) 3 
High experimental) 21 | 10.7-29.2 | 20.744.5 | 3B 
Low ” 12 4.1-17.9 | 11.4242.7 |—13 























Average ‘values for control and experimental animals are given in bold- 
faced type. 
was expressed as the per cent of the original dose per gm. of kidney, 
per gm. of blood, and per gm. of renal phospholipid, respectively. 


Results 


Urinary Phosphorus Excretion—When the data for the indi- 
vidual rats were examined, it appeared that twenty-one of the 
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thirty-three animals which received NH,Cl excreted an amount of 
phosphorus above the control level (37 per cent, Table I); these 
“high experimental” rats constituted a true experimental group 
for the study of the relationship between urinary phosphorus 
excretion and renal phospholipid. The twelve animals in the 
“low experimental” group excreted on the average slightly less 


TaB_e II 
Blood and Kidneys of Control and Experimental Rats 
See note above Table iL 


—_—_—_ — a ee 

















nee | ie 
| Sy | Range Mean (a.p.) — 
"Per cent original dose per gm. blood 
per cent 
ES adn Bille shinee is vd | 9 | 0.07- 0.12) 0.09+ 0.01 
Experimental................. | 25 | 0.06- 0.20! 0.144 0.04 | 65 
High experimental............ | 13 | 0.11- 0.20, 0.16 + 0.03 | 78 
Low (eccssseesess] 12 | 0.06- 0.20 | 0.12 + 0.04 | 38 
Per cent original dose per gm. renal phospholipid 
RN 8 ko, | 7 [51-98 | 74 41.0. 
Experimental.................. 35 | 7.5-206 11.3 41.8 | 59 
High experimental.......... 21 | 8.9-20.6 12.2 +1.8 | 72.0 
Low a gellar 14 | 7-5 -3.4 | 00 #13 29.0 
Per cont original dose per gm. kidney 
~ “See | 15 |0.33- 0.56 | 0.45 + 0.06. 
Experimental................. 29 «| 0.29- 0.86) 0.6440.13 | 4 
High experimental lenin ata eas 16 | 0.61- 0.86 | 0.73 + 0.06 | 62 
Bip Se | 13 | 0.29- 0.81 | 0.54 0.15 | 20 





Average valuce for control and experimental enimale wi are given in bold- 
faced type. 


phosphorus than the control level (—9 per cent). Even though 
the low experimental group cannot furnish the desired information 
about the relationship between phosphorus excretion and kidney 
phospholipid, the average values for all the experimental animals 
have been presented in bold-faced type in Tables I and II. 

The urinary radioactive phosphorus, which parallels the total 
phosphorus content of the urine, was 58 per cent above the control 
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level in the case of the high group, and 13 per cent below the con- 
trol level in the case of the low group. 

Diuresis—aAll the rats which received NH,Cl showed a marked 
diuresis, but in this instance also, the percentage increase over the 
control level for the high experimental group (240) was greater 
than the corresponding increase for the low group (170). 
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PERCENT DOSE PER GRAM KIDNEY 


Fic. 1. The relationship between the phosphorus turnover of the blood 
and of the kidney. The broken line represents the average of all points. 
The solid line represents the average blood values falling within one inter- 
val on the abscissa. 


Urinary Acidity—-With the exception of two rats in the low 
group, NH,Cl administration caused an increase in the titratable 
acidity of the urine; e.g., the high experimental group excreted 
104 per cent more acid than the controls. pli measurements also 
indicate a greater hydrogen ion excretion for the experimental 
series; the average pH of the urine of six controls was 6.6 and of 
eighteen experimental rats 5.9. 

P*:P Ratio of Blood and Kidneys—The doses of NagHPO,*, with 
and without NH,Cl, affected neither the amount of kidney phos- 
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pholipid nor the total amount of phosphorus in the blood and 
kidneys; the analytical values for both the controls and experi- 
mental rats were practically identical with those found for normal 
untreated animals. Table II indicates, however, that the P*:P 
ratios in the renal phospholipid, in the blood, and in the whole 
kidney, were markedly increased by the acid-producing salt; the 
percentage increases for the high experimental group over the 
control average were 72, 78, and 62 respectively. Figs. 1 and 2, 
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PERCENT DOSE PER GRAM KIDNEY PHOSPHOLIPID 


Fic. 2. The relationship between the phosphorus turnover of the blood 
and of the kidney phospholipid. The broken line represents the average of 
all points. The solid line represents the average blood values falling within 
one interval on the abscissa. 


in which the radioactivity of the blood has been plotted against 
the total radioactivity of the kidney and the radioactivity of the 
renal phospholipid, respectively, show that the P*:P ratio of the 
blood is proportional to the P*:P ratio of the kidney and also to 
the P*:P ratio of the kidney phospholipid. Therefore, the in- 
crease in the P*:P ratio shows (1) that NH,Cl caused an increase 
in phosphorus turnover and (2) that the increase in turnovers of 
the phospholipid and of the total phosphorus of the kidney were 
equal. 
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DISCUSSION 


The animal organism which has absorbed NH,C\I is faced with 
the necessity of rapidly eliminating an equivalent amount of acid, 
since the ammonium part of the molecule would be treated as a 
product of protein metabolism and converted into urea in the 
liver. The majority of the animals responded to this need by 
excreting excess phosphorus in the urine, which was accompanied 
by an increase in the phosphorus metabolism of the blood, kidney, 
and kidney phospholipid. The phosphorus metabolism and the 
phospholipid metabolism of the kidney were increased to about 
the same extent. 

The study of the total phosphorus and phospholipid turnovers 
of the liver in three control and six experimental rats indicates 
that the liver phosphorus may not be increased by acidosis. 

These results indicate that the kidney phospholipid is concerned 
with the regulation of blood and body acidity by renal excretion of 
acid phosphate, and also offer an explanation of the rapid turnover 
of kidney phospholipid during fat absorption which has been 
noted by Artom et al. and Chaikoff et al. (3, 4). 


SUMMARY 


1. A comparison was made of the radioactive phosphorus con- 
tent of the blood, kidneys, and urine of rats which were fed 
Na,HPO,* with and without NH,Cl. 

2. NH,Cl acidosis in rats induced an increase in the volume, 
acidity, total phosphorus, and radioactive phosphorus content of 
the urine, and an increased phosphorus turnover in the kidney 
phospholipid, in the whole kidney, and in the blood. 

3. These results lend support to the view that the kidney phos- 
pholipid is concerned in the regulation of blood and body acidity 
by the kidney, and explain the increased turnover in kidney 
phospholipid early in fat absorption. 


The author wishes to express her appreciation to Dr. W. R. 
Bloor and Dr. H. C. Hodge for their helpful advice and interest 
in this work; to Dr. W. F. Bale of the Department of Radiology 
for the building and maintenance of the Geiger-Miller counters; 
to Dr. R. 8. Manly, Dr. M. L. Manly, and Dr. F. L. Haven for 
Suggestions; to Miss Sylvia Levy for the preparation of the 
Na,HPO,; and to Dr. 8. N. Van Voorhis of the Department of 
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Physics for radioactive phosphorus. Radioactive phosphorus 
was also supplied by the Department of Physics of the University 
of Michigan and by the Radiation Laboratory of the University of 
California. This work was aided in part by a grant from the 
Rockefeller Foundation. 
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STUDIES IN PROTEIN METABOLISM 


XII. THE CONVERSION OF ORNITHINE INTO ARGININE IN THE 
MOUSE* 


By ROGER F. CLUTTON,t RUDOLF SCHOENHEIMER, anp 
D. RITTENBERG .- 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, November 7, 1939) 


Ornithine is not a constituent of protein but is obtained as a 
degradation product from arginine. Krebs and Henseleit (1) 
have demonstrated that ornithine, when added to liver slices, 
increases urea production, and have postulated the formation of 
arginine as an intermediate in the process. The demonstration 
of isotopic nitrogen in the amidine group of arginine from body 
proteins after the ingestion of isotopic ammonia (2) or isotopic 
amino acids (3) has been interpreted as being the result of the 
same chemical reaction. It was suggested that the arginine 
present in protein linkage is continuously involved in such reac- 
tions, probably in conjunction with successive liberation and rein- 
troduction of arginine molecules. 

We have now followed directly the conversion in mice of orni- 
thine into arginine and the introduction of the latter into proteins. 
Adult mice of constant weight kept on a stock diet containing 15 
per cent casein were given deuterium containing dl-ornithine for 
& period of 9 days. The arginine isolated from the proteins of 
the animals contained 0.88 atom per cent deuterium, correspond- 
ing to 1.02 atom per cent in the corresponding ornithine. As the 
isotopic ornithine administered contained 13.6 atom per cent 
deuterium, at least 7.5 per cent of the arginine in the total protein 
of the animal must have been derived from the free ornithine 


* This work was carried out with the aid of grants from the Rockefeller 
Foundation and the Josiah Macy, Jr., Foundation. 
t Rockefeller Foundation Fellow, 1938-39. 
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administered. This finding establishes the occurrence in normal 
adult animals of (a) the conversion of ornithine into arginine, and 
(b) the replacement of arginine in protein linkage by free arginine. 
The latter process may either have occurred in the course of con- 
tinuous breakdown and resynthesis of proteins, or by merely 
replacing amino acid molecules. Such reactions have been dis- 
cussed recently (3) in connection with the feeding of /(— )-leucine.! 

The deuteroornithine was prepared by hydrogenating a-pyri- 
done (I) with deuterium gas to deutero-a-piperidone (II). This 
was hydrolyzed and 6-aminovaleric acid isolated as its m-nitro- 


H H,* 
Cc Cc 
TaN a 
HC CH 2H," H,*C CH, KOH 
fp | = UL Seared 
HC C=O Pt H.*C C=O NO,-C,H,-COCI 
of aD oil 
N N 
H H 
I II 
III. NO,-C.H,-CO-NH-CH,*-CH,*-CH,*-CH,*- COOH ie 
. 2 
IV. NO,-C.H,-CO-NH-CH,*-CH,*-CH,*-CH*-COOH _ NH; 
Br hydrolysis 
V. NH,-CH,*-CH,*-CH,*-CH*-COOH 
NH, 


The asterisks designate atoms marked with isotope. 


benzoyl derivative (II1). It was brominated according to classical 
procedures to a-bromo-é-aminovaleric acid (IV) and after treat- 
ment with ammonia the m-nitrobenzoyl group was removed with 
boiling hydrochloric acid. The dl-ornithine was obtained as the 
monohydrochloride (V) and contained 12.5 atom per cent deute- 
rium, which was stably bound, as it was not removed by alkaline 
hydrolysis in Reaction II to III nor by acid. hydrolysis in Reac- 
tion IV to V. 


1In an earlier paper from this laboratory it was mentioned in the dis- 
cussion of arginine metabolism that arginase does not act on this amino 
acid while it is in protein linkage. According to recent reports (Kraus- 
Ragins (4)) the enzyme may slowly attack protein-bound arginine. 
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EXPERIMENTAL 


m-N itrobenzoyldeutero-6-A minovaleric Acid —a-Pyridone (2-hy- 
droxypyridine) was prepared from coumalic acid according to von 
Pechmann and Baltzer (5). It melted at 106-107°. 12 gm. in 
12 ec. of dry acetic acid*® were shaken with deuterium gas in the 
presence of 1.2 gm. of active platinum at 100° in a hydrogenating 
vessel surrounded by a steam jacket. When 2 moles of gas had 
been absorbed (4 hours), ordinary water was added, platinum was 
filtered off, and a trace of hydrogen sulfide was added (to inac- 
tivate any trace of catalyst that might induce exchange of deute- 
rium with ordinary hydrogen in the subsequent operations). 
Most of the acetic acid was distilled off in vacuo, and the residue 
boiled for 3 hours under a reflux with 120 ec. of 15 per cent sodium 
hydroxide. The solution was made up to 500 cc., 25 gm. of sodium 
bicarbonate were added, and 36 gm. of m-nitrobenzoyl chloride in 
100 cc. of ether were added in four portions over 2 hours with 
vigorous stirring, which was continued for 2 more hours. The 
ether layer on evaporation left a crystalline residue consisting 
of m-nitrobenzoylpiperidone. This was heated on the water 
bath for 30 minutes in 110 cc. of 2 per cent sodium hydroxide 
solution, when all went into solution. This was combined with 
the alkaline solution obtained from the benzoylation. It was 
acidified with hydrochloric acid, and the precipitate was filtered 
and washed with cold water and ether (which removed m-nitro- 
benzoic acid). It was dissolved in aqueous sodium carbonate and 
precipitated with acid. The substance melted at 134° and was 
identical with m-nitrobenzyol-é-aminovaleric acid described by 
Fischer and Zemplén (6). 

The yield was 83.5 per cent. For deuterium analysis a sample 
was recrystallized from 60 per cent ethanol. It contained 14.6 
atom per cent deuterium. 


* Acetic acid contains 1 atom of exchangeable hydrogen. The hydro- 
gen introduced into pyridone is thus an equilibrium mixture of deuterium 
and the active hydrogen from acetic acid. The deuterium content in the 
ornithine is decreased by the amount of acetic acid present during hydro- 
genation. We have tried, without success, the hydrogenation of pyridone 
in non-polar solvents. In order to introduce the theoretical amount of 
deuterium into piperidone it would be necessary to conduct hydrogenation 
inCH,COOD. We did not use this solvent, as a higher deuterium content 
in the ornithine was unnecessary. 
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dl-Deuteroornithine Monohydrochloride—m-Nitrobenzoy]-é-ami- 
novaleric acid was brominated according to Fischer and Zemplén, 
and the crude a-bromo derivative, melting at 90-100°, was ob- 
tained in 65 per cent yield. A sample was recrystallized from 
60 per cent ethanol and melted at 125°. The crude material was 
used for the preparation of ornithine. 

14 gm. of the m-nitrobenzoyl-é-amino-a-bromovaleric acid were 
dissolved in 100 cc. of 28 per cent ammonia, and the solution was 
saturated with ammonia gas at 0°. After it had stood for 48 hours, 
ammonia was again passed through and again left for 48 hours. 
After removal of ammonia and water the residue was refluxed for 
18 hours with 350 cc. of 20 per cent hydrochloric acid. Nitro- 
benzoic acid was removed by extraction with ether, the aqueous 
solution evaporated to dryness, redissolved in water, cleared with 
charcoal, and again evaporated. The residue was extracted with 
a total of 100 cc. of 95 per cent ethanol, whereby most of the 
ammonium chloride was removed. The monohydrochloride of 
ornithine was precipitated by the addition of 3.5 cc. of pyridine. 
The yield was 5.4 gm. It was further purified by dissolving in 
water and precipitating with 95 per cent ethanol. The compound 
contained 16.35 per cent N (calculated, 16.46 per cent). The 
hydrochloride contained 12.5 atom per cent deuterium. Hence 
- the ornithine contained 13.6 atom per cent deuterium. 

The m-nitrobenzoyl-é-aminovaleric acid, from which the orni- 
thine was prepared, contained 14.6 atom per cent deuterium. 
During the synthesis 1 hydrogen atom was substituted by an amino 
group which contained normal hydrogen. If no other loss of 
deuterium had occurred in any of the manipulations, the ornithine 
should have contained 14.9 atom per cent. 

Feeding Experiment—Ten male mice of 24 gm. average weight 
were kept on a diet consisting of 15 per cent casein, 68 per cent 
corn-starch, 5 per cent yeast, 4 per cent salt mixture (7), 2 per cent 
cod liver oil, and 6 per cent Wesson oil. To 260 gm. of total diet 
were added 2.90 gm. of deuteroornithine monohydrochloride. The 
animals consumed this mixture within 9 days. They had not 
changed their initial weight. They were killed, and the intestinal 
tracts were removed. The remaining bodies were minced, exhaus- 
tively extracted with trichloroacetic acid, and hydrolyzed for 
48 hours with 20 per cent sulfuric acid. The solution was shaken 
with ether to remove fatty acids, made alkaline with barium hy- 
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droxide, filtered, freed of excess barium with sulfuric acid, and 
allowed to stand for several days. Precipitated tyrosine was 
removed; the filtrate was acidified and treated with flavianic acid, 
when 4.03 gm. of flavianate were obtained. This was recrystal- 
lized from a large volume of water, decomposed with concentrated 
hydrochloric acid, the flavianic acid removed, and the mother 
liquor after treatment with charcoal repeatedly brought to dry- 
ness. The residue was dissolved in a small amount of water, and 
arginine monohydrochloride precipitated with absolute alcohol and 
pyridine. It was again precipitated from water with alcohol, 
when it crystallized in long needles. 1.39 gm. were obtained. 
Found, N (Kjeldahl) 26.4 (calculated, 26.6). The hydrochloride 
contained 0.82 + 0.02 atom per cent deuterium, corresponding to 
0.88 atom per cent in the free arginine. As all the deuterium 
must have been in the ornithine moiety, the latter contained 1.02 
atom per cent deuterium. 


SUMMARY 


A method is described for the synthesis from a-pyridone of 
ornithine containing stably bound deuterium. 

Ten mice of constant weight were given for 9 days dl-ornithine 
containing 13.6 atom per cent of stably bound deuterium. The 
animals were killed and arginine isolated from the total proteins. 
It contained 0.88 atom per cent deuterium, indicating that at 
least 7.5 per cent of the total arginine of the animals was derived 
from ornithine. The finding establishes the occurrence of two 
reactions: ornithine is continuously converted in mice into argi- 
nine; and arginine in protein linkages is continuously replaced 
by free arginine. 
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STUDIES ON THE METABOLISM OF CREATINE 
AND CREATININE 


Ill. FORMATION OF CREATINE BY ISOLATED RAT TISSUES* 


By ZELMA BAKER anp BENJAMIN F. MILLER 
(From the Department of Medicine of the University of Chicago, Chicago) 
(Received for publication, November 3, 1939) 


The precursors, mechanism, and site of creatine formation are 
still uncertain, even though they have received the attention of 
investigators for many years. An examination of the results on 
creatine formation summarized in Hunter’s monograph (1928) 
shows the many contradictions in this field. In the 10 years which 
have elapsed since the publication of this work, few experiments 
in vivo have been performed which clarify the problem. On the 
other hand, several workers have reported recently the synthesis 
of creatine by tissues in vitro. The observations of Borsook and 
Jeffreys (1935) indicate that creatine is formed by liver, kidney, 
diaphragm, and intestine, and that the rate of formation can be 
increased in liver by the addition of a complete hydrolysate of egg 
albumin. Fisher and Wilhelmi (1937) observed an increase in 
creatine after perfusing the isolated rabbit heart with arginine. 
Bach (1939) reported an apparent increase in creatine after incu- 
bation of chopped rat heart with glycocyamine and glycine. 

The specificity of the methods employed in the above investi- 
gations is open to some question. We present in this communica- 
tion results on creatine formation by rat tissues in vitro, obtained 
by employing the specific, enzymatic method of Miller, Allinson, 
and Baker (1939) for the estimation of creatine. The capacity 
of various tissues to form creatine, without addition of possible 
precursors, has been observed. 


EXPERIMENTAL 


The rats used in these experiments were normal, adult males. 
For purposes of comparison, a few experiments were performed 


* Aided by a grant from the John and Mary R. Markie Foundation. 
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with adult females. The animals were killed by decapitation, 
and the tissues were rapidly excised. In most of the experiments 
the tissues were cut into small fragments on a cold plate after 
removal of adherent fat and blood. For experiments with sliced 
tissue, slices of uniform thickness (0.3 to 0.4 mm.) were prepared 
by free-hand section, and stored in a moist chamber until ready for 
use. Excess moisture was removed from the slices with filter 
papers before weighing. The experiments were performed with 
no added substrate in Ringer-phosphate or Ringer-bicarbonate 
medium, prepared according to Krebs (1931). Suitable amounts 
of tissue were rapidly weighed and immersed in 5 cc. of medium, 
contained in 50 ce. Erlenmeyer flasks. The contents of the flasks 
were saturated with oxygen or oxygen-carbon dioxide mixture 
(or nitrogen-carbon dioxide for anaerobic experiments). The 
flasks were stoppered and shaken in a water bath at 38° for 2 to 
4 hours. The pH of the medium remained relatively constant 
throughout the entire incubation period. Depending on the 
amount of tissue used, either 10 or 20 cc. of 2. N sulfuric acid were 
pipetted into the flasks, and the estimation of creatine was carried 
out as described by Miller, Allinson, and Baker. All experiments 
were set up in duplicate, and the analysis of each sample was 
performed in duplicate. Samples of tissue were killed with sul- 
furic acid at the start of the experiment to give the initial creatine 
concentration. The value obtained after incubation represents 
the final creatine concentration. The difference between these 
two values is the amount of creatine synthesized by the tissue. 
Since, in this method, the tissue cannot be removed for drying at 
the end of the experimental period, all results are expressed in 
terms of original wet weight of tissue. 


Results 


Typical results obtained with various rat tissues in the absence 
of added substrate are given in Tables I and II. All values repre- 
sent the average of determinations on duplicate samples of tissue. 
The data show that only liver and kidney produce significant 
amounts of creatine from precursors normally present in the tissue. 
The percentage increases in kidney and liver are very striking, 
averaging approximately 10 to 20 per cent for the former and 10 to 
35 per cent for the latter tissue. No significant percentage in- 
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ereases were observed in brain, testis, spleen, and muscle (cardiac, 
skeletal, and intestinal muscles were studied). As can be seen 
from Table -I, very slight absolute increases were occasionally 
observed in muscle creatine. However, the high initial creatine 
content of this tissue interferes with the precise estimation of small 
increases of creatine. Nevertheless, even though it is question- 


TaBLe I 
Formation of Creatine by Rat Muscle, Brain, Testis, and Spleen 





Creatine, mg. per 100 





Tissue* Buffer Incubation gm. wet weight of tissue) 
Initial Final 
Ars. | per cent 
Heart muscle Phosphate 2 202 207 | =++2 
“ 2 221 217 | -2 
ns 2 198 198 | 0 
Bicarbonate 4 174 174 | 0 
Diaphragm ” 3 407 | 410 +1 
- 6 409 415 | +2 
" 4 322 327 +2 
Intestinal “ 4 96 95 | -1 
muscle - 4 101 = =—s«100 -1 
Brain - 3 119 122 | +3 
ee 6 119 | #121 | +2 
“ 4 “0 | uw? | 6-8 
Testis Phosphate 2 301 | @ |; <li 
Bicarbonate 2 302 2044 | -3 
” 4 328 328 0 
Spleen “ 3s | 19.8] 129.9] <1 
“ 6 19.8 20.2; +2 
ae 4 


18.1 | 18.0; <l 


* All experiments were performed with chopped tissue. 





able that the few positive results obtained on muscle tissue repre- 
sent true production of creatine, our data cannot preclude it. 

As shown in Table II, the amount of creatine synthesized per 
100 gm. of wet weight of kidney tissue is the same for male and 
female rats. It is further shown that chopped and sliced kidney 
tissues are equally efficient in the production of creatine. 

The following experiment suggests that an enzyme system is 
involved in the formation in vitro of creatine. Kidney tissue, 
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inactivated by heating at 80° for 10 minutes, produced no creatine 
upon subsequent incubation at 38° for 4 hours; unheated kidney 
tissue from the same animal produced 4.4 mg. per 100 gm. Fur- 





Taste II 
Formation of Creatine by Rat Liver and Kidney 
Creatine, 
mg. per 100 | 
Incu- = 
Tissue | Buffer | bation — _. Remarks 
ng 
| em | Final | 
| hes, s&s 7 | per cent 
Liver Phosphate | 2 | 4.6 6.1) +33 
Bicarbonate | 3 | 7.1) 8.0) +13 | 
“ | 4 | 5.5) 6.6, +20 | 
" | 4 | 9.9) 13.3) +34 | 
- Dae is 34.6) 38.4. +11 | Male 
| “ | 3 | 52.0) 55.6) +7 | ‘ 
| " | 6 | 52.0 58.9 +13 
4 | 29.3) 34.6 +18) “ 
™ 4 | 38.7) 46.4, +15 | Female 
™ 3 | 26.3 30.3, +15 
| 4 | 24.0) as +19 
| 
Kidney | Phosphate 4 44.3 48.1 +9) Female 
Bicarbonate 45.2 54.3, +16 
“ 4 | 36.1 42.8) +19 | Chopped. Male 
™ 34.3 40.8 +19 Sliced. sy 
a4 4 31.3 36.8! +18 | Aerobic. Female 
” 31.3 33.9, +8 | Anaerobic. " 
* 4 55.1 59.4 +8 Control. Male 


53.5 107° m KCN. * 





thermore, the synthesis is completely inhibited by 10-* m potas- 
sium cyanide,' and partially inhibited by anaerobiosis. 

That the increase is due almost entirely to creatine, and not to 
creatinine, was shown by an experiment on kidney tissue in which 


1 Cyanide interferes with the Jaffe reaction. Therefore, it was com- 
pletely removed by distillation before the determination of creatine. 











Z. Baker and B. F. Miller 237 


both creatine and creatinine were determined after a 4 hour 
incubation period. (Creatinine was determined by the method 
of Miller, Allinson, and Baker.) The increase in creatine plus 
creatinine was 7.7 mg. per 100 gm. Of this, 7.5 mg. were creatine, 
and only 0.2 mg. creatinine. 

It is interesting to note that the absolute quantities of creatine 
produced are approximately 1 to 2 mg. per 100 gm. of kidney 
tissue per hour, and 0.3 to 0.8 mg. per 100 gm. for liver. Since 
it is likely that the process is considerably more efficient in vivo 
than in tissue slices and minces, it is possible that the kidney and 
liver play an important réle in the production of creatine under 
normal physiological conditions. 


SUMMARY 


The formation of creatine by isolated rat tissues without added 
substrate has been studied. Kidney produced 4 to 8 mg. per 
100 gm., and liver, 1.2 to 3.2 mg. per 100 gm. in a 4 hour in- 
cubation period. These values represent approximately 10 to 30 
per cent increases. The process of creatine formation is appar- 
ently enzymatic in nature: it is heat-labile and is inhibited by cy- 
anide and by anaerobiosis. 

In other tissues studied, cardiac, skeletal, and intestinal muscle, 
brain, testis, and spleen, no significant percentage increases of 
creatine were found. (It is impossible with present methods to 
detect small, absolute increases in tissues of high creatine content 
such as cardiac and skeletal muscle.) 

All analyses were performed with a specific, enzymatic method 
for the determination of creatine. 
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In preliminary papers from this laboratory (1, 2) a marked effect 
of vitamin D on the lead concentrations of blood and bone of 
young rats fed lead-containing diets was demonstrated. Groups 
fed vitamin D contained a higher percentage of lead in the bone 
ash on low calcium-low phosphorus, high calcium-low phosphorus, 
and low calcium-high phosphorus types of diets. Vitamin D 
raised the lead concentrations of the blood of the rats on all the 
diets except in the group on the high phosphorus-low calcium diet. 
In the group on the high phosphorus-low calcium diet, the lead 
concentration of the blood was so much lower than in the other 
two groups that it could not be determined accurately and any 
effect of vitamin D could not be demonstrated. 

The influence of calcium and phosphorus on the behavior of 
lead, which was emphasized by several investigators, was also 
shown in these preliminary reports. In rats fed high calcium-low 
phosphorus diets, the lead in the blood was markedly higher than 
in those fed high phosphorus-low calcium diets, despite the fact 
that the latter diet contained 3 times as much lead as was present 
in the high calcium-low phosphorus diet. 

In the present investigation these studies of the effect of calcium, 
phosphorus, and vitamin D on the biochemical behavior of lead 
are extended. The experiments were designed so that quantita- 


* Presented before the American Society of Biological Chemists at 
Toronto, April 26-29, 1939 (Proc. Am. Soc, Biol. Chem., J. Biol. Chem., 
128, p. xevi (1939)). 
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tive data of the effect of calcium, phosphorus, and vitamin D on 
lead deposition, as compared to calcium deposition, could be 
obtained. The purpose was to clarify the type of relationship 
that exists between deposition of calcium and lead. 


EXPERIMENTAL 


Three diets were used in these experiments. The basal diet 
contained traces of calcium (0.03 per cent) and small amounts 
of phosphorus (0.262 per cent), to which 1 per cent of basic lead 
carbonate was added. This diet was used without other additions 
as a low ealcium-low phosphorus diet (Diet A). To this basal 


TABLE I 
Experimental Lead Diets 


Diet Constituents Ca | P | Pb 
| 
| parts per cent | per cent ‘percent 
Low _ calcium-low Yellow corn-meal 70 0.025 0.262 | 0.82 
phosphorus (basal), Wheat gluten 16 
Diet A Brewers’ yeast 10 
NaCl 1 
Pb(OH),-2PbCO,; 1 
High  calcium-low Basal diet 98 1.02 0.262 0.80 
phosphorus, Diet CaCO; 2.5 
B 
High phosphorus- Basal diet 97.25 0.025 0.857 | 0.80 
low calcium, Diet — Na: HPO, 2.75 
C 


diet 2.5 per cent of calcium carbonate was added to produce a high 
calcium-low phosphorus diet (Diet B), and 2.75 per cent of anhy- 
drous NagHPO, was added to produce the high phosphorus-low 
calcium diet (Diet C). The diets are shown in Table I. The 
calcium, phosphorus, and lead values of the diet were determined 
by duplicate analyses. These diets varied with respect to calcium 
and phosphorus but were similar in lead content. Furthermore, 
each diet contained the same amount of either calcium or phos- 
phorus as one of the others. 

Each diet of the above three was fed to about thirty-four to 
forty rats. After 5 days on the experimental diets, one-half of 
each group was given 100 1.v. of vitamin D daily until the end of 
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the experimental period. The vitamin D was fed by mouth from 
a pipette in the form of a solution of viosterol in maize oil (0.1 ce. = 
100 1.v. of vitamin D). 

Albino rats raised in our laboratory from an original Wistar 
strain were used in all these experiments. The mothers were kept 
on the stock diet of Bills et al. (3). The young rats were usually 
weaned at 21 days of age, at which time they were placed on the 
stock diet. The animals chosen for the experiment were from 
litters of eight to thirteen. Large litters were chosen because they 
could easily be divided among the various experimental groups. 
The average initial weight of these rats was about 35 gm. (see 
Table II), which is below the average weight of animals of this age 


Taste Il 
Comparison of Mean Initial Weights 


Mean initial | Standard de- Standard error 








> | 

Diet No. of animals weight viation of mean of mean 
—_ eee Be gee a a oy 
a 25 34.9 | +6.09 | +1.22 
“4 vitamin D....... 14 35.3 | 24.19 | 1.12 
ENE wire dresses 16 | 87.7) | £5.80 | £1.50 
“4 vitamin D....... 16 35.1 | +£6.45 | +1.61 
a 22 33.5 +3.91 +0.84 
“+ vitamin D...... 20 32.0 +6.30 | +1.41 


from smaller litters. At this average weight (35 gm.) most of the 
animals were 24 to 26 days of age, with the exception of one litter 
the age of which was 29 days. The mean initial weight with the 
standard deviation and the standard error of the mean for each 
group is presented in Table II. It is seen that the mean weights 
of the various groups are within the narrow range of 32.0 to 
37.7 gm. Thus, it is evident that the various groups were as 
similar in weight as could be expected in experiments with rats 
of various litters. 

The similarity of heredity, the splitting of litters into various 
groups, and the identity of initial weights establish a reasonable 
basis for the comparison of the results in the various groups. 

At the end of 29 days the animals were x-rayed and then 
sacrificed. Blood was obtained by heart punctures or by cutting 
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of the carotid arteries. To prevent lead contamination the fur 
of the animals was carefully cut before the blood was drawn. In 
most cases lead determinations were carried out on the pooled 
whole blood of two or three animals. In Group C, which received 
the high phosphorus-low calcium diet (Diet C), the blood of five 
or six animals was used for a single analysis because of the low 
lead value in the blood of this group (2). In Groups A and B 
(fed Diets A and B respectively) in addition to determination of 
the lead of whole blood, serum calcium, serum inorganic phos- 
phorus, and serum lead were determined. For this purpose the 
blood of six animals was pooled to provide sufficient serum. Only 
one serum analysis was made on each group, since the primary 
objective of these experiments was to obtain the lead value of 
whole blood. In Group C, more blood was needed for whole 
blood lead analyses, owing to the low value of the blood lead, and 
no blood was left for serum analyses. The serum values reported 
here are more in the nature of preliminary experiments and are 
not conclusive. The lead values for whole blood reported in this 
paper are the mean results of six to ten analyses and are there- 
fore significant. 

The blood lead was determined by the method of Wilkins 
et al. (4), the serum calcium by the method of Sobel and Skler- 
. sky (5), and the serum inorganic phosphorus by the method of 
Fiske and Subbarow (6). 

The femur of each animal was carefully dissected out, freed of 
all adhering tissue, extracted with alcohol-ether, and then dried 
at 105° for 24 hours. The bone ash was determined on the dried, 
fat-free bones by heating to constant weight at 560-600° in an 
electric muffle furnace. The lead content of the ashed bone was 
determined by a modification of the method of Willoughby 
et al. (7). 


Calculation of Resulis 


gm. weight of ash X 100 — 
(1) 7% bone ash gm. weight of fat-free, dried femur 





mg. lead in femur X 100 
gm. weight of fat-free, dried femur 





(2) Mg. % lead in dried bone = 


mg. lead in femur X 100 


ss ae Te ae = « walahh of ached tener 
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mg. lead in femur X 100 
gm. organic matter in femur 





(4) Mg. % lead in organic bone = 


Mg. organic matter in femur = (total weight) — (ashed weight) 
Total weight of femur = inorganic + organic matter 
= weight of ash + weight of organic matter 


The mean results of the bone analyses were evaluated by the 
statistical methods of Fisher as applied to small samples (8). 
P represents the frequency with which the difference between two 
means may be due to chance alone. 


Influence of Vitamin D 


Low Calcium-Low Phosphorus Diet—The results showing the 
influence of vitamin D on the rats receiving the low Ca-low P diet 
are presented in Table III. A definite influence of the antirachitic 
vitamin is shown in several respects. The degree of calcification, 
as shown by the mean bone ash values, is significantly higher in 
the group fed vitamin D. The mean ash value was 32.5 per cent 
in this group and only 27.6 per cent in the group without vitamin D. 
This difference of mean values gave a P of less than 1 part in 
100,000, which is a high level of statistical significance. The 
percentage of lead in the dried bone is more than 3 times as large 
in the vitamin D group. The value for the group without vita- 
min D was 164 mg. per 100 gm. of dried bone and for the vitamin D 
group it was 535. This difference in the amount of lead deposited 
becomes more marked when the results are expressed as lead 
per unit of organic matter in the bone, which is a better criterion 
of the degree of lead deposition. The vitamin D group averaged 
800 mg. of lead per 100 gm. of organic matter in the bone, whereas 
the group without the vitamin D averaged 225 mg. of lead per 
100 gm. The relative rates of lead deposition and calcification 
are distinctly different in the two groups, as shown by the mg. 
per cent of lead in the bone ash. The amount of lead per unit 
of ash is almost 3 times as high in the vitamin D group as in the 
control group. The mg. per cent of lead per 100 gm. of ash in the 
vitamin D group was 1643, whereas in the group without vita- 
min D it was 608. This indicates that not only is the degree of 
deposition of lead higher under the influence of vitamin D but 
also the relative rates of deposition are higher when compared to 
the amount of calcification. 
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The mean value of the lead of whole blood for the non-vitamin D 
group is 0.29 mg. per 100 cc., whereas the vitamin D group has a 
mean of 0.77 mg. per 100 cc. A statistical treatment of the values 
obtained shows that this difference is significant, P being less 
than 1 in 1000. The serum Ca X P product is higher in the 
vitamin D group. There was an insufficient number of analyses 
of serum lead to draw any significant conclusions concerning the 
influence of vitamin D on serum lead in this group. The serum 


TaB_e III 


Influence of Vitamin D; Low Calcium-Low Phosphorus Diet 
(Mean Values) 


P = probability that the difference in the mean values between the 
two groups is due to chance; per cent ash = measure of the degree of calci- 
fication; mg. per cent Pb in ash = measure of the relative amounts of lead 
deposition in bone and calcification; mg. per cent Pb in organic matter = 
measure of the degree of lead deposition. 











Serum Analysis of dried, fat-free femora 
Change|_..........._| Whole PE PR Sets 
| im | blood in | Pbin 
jweietti cal P| Pb) PP | ash | Pb | PREP | organic 
ee ae er Qe | =a 
mg. | mg. | mg. | | 
pom [BE] Ze | Ze, | tan” | arom abe | aa | meee 
No vitamin D,| | | | 
21 rats...... +19.3 6.8 6.50.10 0.29, 27.6 164 | 608 | 225 
100 1.0. vita- 4 | | | 
min D daily, 
13 rats...... +26.7 7.0) 8.0/0. 10 0.77; 32.5) 535 | 1643 | 800 
er cin | 1 | | |<t0-8 |<10-8 | <10-8) <10-| <10-* 





calcium is low in both groups, whereas the phosphorus is nearer 
the normal and is higher in the vitamin D group. The serum 
Ca X P product as well as the serum Pb X P product appears to 
be somewhat higher in the vitamin D group. 

High Calcium-Low Phosphorus Diet—The results showing the 
influence of vitamin D on the rats receiving the high calcium-low 
phosphorus diet are shown in Table IV. The degree of calcifica- 
tion in the vitamin D group, as indicated by the bone ash, is about 
twice as great. The mean bone ash value of the vitamin D group 
was 37.9 per cent, whereas in the group without vitamin D it was 
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19.3 per cent. The degree of lead deposition is distinctly higher 
in the vitamin D group, as shown by the mg. per cent of lead in 
the organic part of the bone, which is 518 mg. per cent in the vita- 
min D group and 125 mg. per cent in the control group. The 
per cent increase in deposition of lead is greater than that of 
calcium, since the amount of lead per unit of ash in the bone is 
almost 1.5 times as great in the vitamin D group as in the control 
group. The mg. of lead per 100 gm. of ash in the vitamin D 
group is 874, whereas in the control group it is 523. All of the 
last named differences are statistically significant, as shown by the 
P values in Table IV. 


Taste IV 
Influence of Vitamin D; High Calcium-Low Phosphorus Diet 
(Mean Values) 
Serum Anaya of dried, fat-free femora 
Change — __. |Whole |____ — 
in blood | Pb in 
weight) Ca) P| Pb| PP | ash | Ph | PRIM | organic 
“et ash | matter 
mg. | mg. | mg. | mo. | 
mg. per | mg. per | mg. per 
om | 2e,| Some|ea| Some [POM | “cont | emt |” oont 
No vitamin D, | | | 
SER.....».. (+22.6 8.8 sis 0.51 19.3 101 | 523 | 125 


100 1.U. vitamin 
Ddsily, 16rate/+27.011.4) 4.09. 20 0.77| 37.9| 317 | 874 | 518 
a... | 0.43|<10-* | <10-*) <10-*) <10-* 








P= probability that the difference between the two means is due to 
chance. 


There is a slightly higher value for the lead of whole blood in 
the vitamin D group, 0.77 mg. per 100 cc. for the vitamin D and 
0.51 mg. per 100 cc. for the group without vitamin D, but this 
difference is without statistical significance. As might be expected 
on a high calcium-low phosphorus diet, the serum calcium tends 
towards the normal 8.8 mg. per 100 ce. in the group without 
vitamin D, and 11.4 mg. per 100 cc. in the group fed vitamin D. 
The serum phosphorus values are distinctly low, even in the vita- 
min D group (4.0 mg. per 100 cc.). The serum lead appears to 
be distinctly higher in the vitamin D group (0.20 mg. per 100 cc.), 
as contrasted to the group without vitamin D, which had a serum 
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lead value of 0.08 mg. of lead per 100 cc. of serum. These two 
serum lead values are the results of single analyses on pooled serum 
of the corresponding groups. Conclusive significance cannot be 
attached to these single values. Both the Pb xX P and the 
Ca X P products are higher in the vitamin D group. 

High Phosphorus-Low Calcium Diet—The results showing the 
influence of vitamin D on the rats receiving the high phosphorus- 
low calcium diet are presented in Table V. Here again a definite 


TABLE V 
Influence of Vitamin D; High Phosphorus-Low Calcium Diet 
(Mean Values) 


Analysis of dried, fat-free femora 





| Change 
| Ash Pb Pb in ash | organic 
| | matter 
Se ee] —— |____|___|_a 
om. | me. percent | percent | “Cent | "cent | cont, 
No vitamin D, | +15.5 | 0.28 | | 
21 rats 0.09 | 
0.00f0: 2 | 27.4 | 87 335 | (121 
| 0.07 | | | 
100 1.0. vitamin | +24.0 | 0.17 | | 
D daily, 20 0.13 | | | 
vate 0.00\5 19 | 34.0 | 244 | 729 | 361 
0.14 | 
0.34 | 
0.35 
P <10-* | <10-* | <10-* | <10-* 











P = probability that the difference between the two means is due to 
chance. 


influence of the antirachitic vitamin is evident. The degree of 
calcification is definitely higher in the vitamin D group, where the 
mean ash percentage is 34.0, whereas in the control group it is 27.4. 
The P value of the difference in these means is less than 1 part in 
1,000,000,000, which is an extremely high level of significance 
statistically. This increase of ash under the influence of vita- 
min D is less than in Group B but somewhat greater than in 
Group A. The degree of lead deposition is 3 times higher in the 
vitamin D group than in the control group. The mg. per cent 
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of lead in the organic matter in the bone is 361 in the vitamin- 
fed group and only 121 mg. per cent in the control group. The 
ratio of the deposition of lead over that of calcium is distinctly 
higher in the vitamin D group, as shown by the amount of lead 
per unit weight of ash. This is 729 mg. per cent in the vitamin D 
group and 335 in the group without the vitamin D. 

The mean blood lead values are higher in the vitamin D group 
than in the control group. In some cases the blood lead was so 
low that it could not be determined accurately on the small 


TaBLe VI 
Influence of Dietary Ca and P in Absence of Vitamin D (Mean Values) 





| Serum | Analysis of dried, fat-free femora 
Change : £ Whole be As RE 
Pb- Ash | Pb pect 








oe 








mg. 
percent| per 
cent 


333 | 


| mg. | mg. 
om. | per | per 
cent | cent 

Low Ca-low P diet, 

Qi rate........... +19.3) 6.8) 6.50.10) 0.29 
High Ca-low P diet, | | 

13 rate........... +22.6) 8.8) 3.50.08) 0.51) 19.34)101 
Low Ca-high P diet, | 

21 rate...........|+15.5) 0.11; 27.4 | 87 
P, Diet A versus B | rey '<10-* | 10-2 | 0.33 10-* 
eweueinu ¢ os | 0.87| 10-8 | 10-* | 10 

| 


“oe Be we] mS '<10-* | 0.22) 10-* | 0.80 





mg 
per 
cent 
27.6 163 (607 
522 
335 




















P= probability that the difference between the two means is due to 
chance. 


quantities of blood available. Where 0.00 mg. per cent is indi- 
cated, it actually represents some value less than 0.1 mg. per 
cent. In view of this fact it cannot be safely stated that the 
difference between the vitamin D and the control groups is 
significant. 

Thus it can be seen that vitamin D increases the degree of dep- 
osition of lead in all groups from 3- to 4-fold, as measured by 
the amount of lead per unit of organic material in the bone. It 
also increases the degree of calcification in all groups, as measured 
by the percentage bone ash. This increase in bone ash is greater 
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in the high calcium-low phosphorus group than in either of the 
other two groups. Vitamin D increases the deposition of lead in 
these diets to a greater degree than that of calcium, as shown 
by the mg. per cent of Pb per unit of ash. This increase of the 
relative rates was least in the high calcium-low phosphorus group, 
where the increase in calcification is the greatest. 

Vitamin D distinctly increases the lead of whole blood in the 
low calcium-low phosphorus group. In the high calcium-low 
phosphorus group, vitamin D has no significant influence on the 
blood lead, a finding which is not wholly unexpected on a low 
phosphorus-high calcium-high Pb diet. On the low calcium-high 
phosphorus diet, the vitamin D group shows a higher average of 
lead in whole blood than the control. However, owing to the 
low values of lead in the blood in this group, it is difficult to 
attach significance to this difference. 

There was an insufficient number of serum analyses to draw 
definite conclusions. However, both the Ca X P product and 
the Pb X P product appear to be higher under the influence of 
vitamin D in Groups A and B. This may be an explanation for 
the increase in the deposition of calcium and lead. Further 
investigations will be necessary to evaluate this relationship 
between serum Pb X P product and lead deposition. 


Influence of Dietary Calcium and Phosphorus 


Table V1 shows the influence of calcium and phosphorus in the 
absence of vitamin D. The degree of calcification is significantly 
lower in the high calcium-low phosphorus group than in either of 
the two other groups, which have about the same degree of calei- 
fication. The degree of deposition of lead is higher in the low 
caleium-low phosphorus group than in either of the other two 
groups. Groups B and C have about the same degree of lead 
deposition. Thus, the addition of either calcium or phosphorus 
to the low calcium-low phosphorus diet causes a decrease in lead 
deposition. The ratio of the deposition of lead over calcium, 
as shown by the mg. per cent of lead in ash, does not change 
significantly when calcium is added to Diet A but is significantly 
lower when phosphorus is added to Diet A. 

The blood lead becomes progressively higher as the Ca:P ratio 
goes up, being highest in the group fed the high calcium-low 
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phosphorus diet and lowest in the group fed the high phosphorus- 
low calcium diet. Thus, addition of calcium increases the value 
of the lead in the whole blood, whereas addition of phosphorus 
decreases the blood lead. The serum calcium and phosphorus 
reflect the dietary calcium and phosphorus. In Group B the serum 
ealcium is almost normal, whereas the serum phosphorus is 
distinctly below normal. In Group A, the serum calcium is dis- 
tinctly below normal, whereas the phosphorus is almost normal. 











TaBLe VII 
Influence of pitere Ca and P in v Presence of Vitamin D (Mean Values) 
Serum anita of dried, fat-free femora 
ae Sea ssainiegaciiiatalins 
| in | | | blood | ; Pb in 
jweent) Ca) P| Pb! PP | Ash | Pb = |: PB in | organic 
om fa ee | mother 
| amg. | me. | me. | meg. 
wm. | Be | Be, | Bae ey | Sou | marmot | poh | pnt 
Low Ca-low P | 
diet, 13 rats. (+26.7 7.0) 8.00. 10, 0.77)32.5 | 535 1643 800 
High Ca-low P 
diet, 16 rats. +27.011.4 4. 00. 20 0. 7737. 9 317 874 518 
Low Ca-high P) | | 
diet, 20 rats. |+24.0  0.19/34.0 244 | 729 361 
P, Diet A ver- | | 
sus B....... hm ie 0.02, <10-* |<10-* | <10-* 
P, Diet A ver- crs | | 
sus C........| pon 0. 19) <10-* |<10-*| <10-* 
P, Diet B ver- | 
sus C....... bs pel 0.02) <10-* | 0.11) <10~ 











P= probability that the difference b between the two | means is ‘due to 
chance. 


The serum lead is about the same in each group. Both the 
serum Ca X P and the serum Pb X P products are higher in the 
low phosphorus-low calcium group, and so is the deposition of 
calcium and lead higher in this group than in the high caleium- 
low phosphorus group. These data on serum are suggestive 
but not conclusive. Additional data are necessary. 

The influence of dietary calcium and phosphorus in the presence 
of vitamin D is shown in Table VII. The degree of calcification 
is highest in the high calecium-low phosphorus group. This dif- 
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ference of means between Group B and the other two groups is 
statistically significant, if the usual statistical convention of 
significance is used, where a difference between two means is 
significant when P is 0.05 or less. In our opinion the difference 
of means in the degree of calcification in these groups is not con- 
clusive. The degree of deposition of lead here, again, is highest 
in the low calcium-low phosphorus group. Addition of calcium 
to Diet A depressed the degree of lead deposition, and addition 
of phosphorus to Diet A depressed it even more. 

The ratio of the deposition of lead over calcium, as shown by 
the lead per unit of ash, is distinctly higher in the low calcium- 
low phosphorus group than in either of the other two groups. 
Addition of either calcium or phosphorus in the amounts used in 
this experiment depressed the relative rates of deposition of lead 
and calcium to about the same degree. 

The lead in whole blood is much lower in the high phosphorus- 
low calcium group than in either of the two other groups. The 
addition of calcium to Diet A does not influence the lead in whole 
blood to any great extent, but addition of phosphorus to Diet A 
depresses the blood lead. The serum calcium and phosphorus 
reflect the dietary ratios of Ca:P. In the group on the low 
calecium-low phosphorus diet serum calcium is low and serum 
phosphorus is normal, whereas in the group on the high calcium- 
_ low phosphorus diet serum calcium is normal and the phosphorus 
is definitely low in spite of the presence of vitamin D. The serum 
lead of the rats on the high calcium-low phosphorus diet is higher 
than that of the rats on the low calcium-low phosphorus diet. 
Interestingly enough, the Pb X P product was the same in both 
types of diets. However, the lead deposition was higher in the 
low calecium-low phosphorus group than in the high calcium-low 
phosphorus group. Although the serum Ca X P product was 
higher in Group A than in Group B, the degree of calcification 
of Group B was higher than in Group A. However, this dif- 
ference in percentage ash in Groups A and B is not considered 
conclusive by the authors. 

Thus, it can be seen from Tables VI and VII that the calcium 
and phosphorus content of the diet plays a definite réle in the 
deposition of lead as well as of calcium. The degree of lead 
deposition is highest in the low calcium-low phosphorus group 
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among the three groups fed vitamin D as well as among the three 
groups not receiving vitamin D. However, the lowest degree 
of lead deposition in the group fed vitamin D (Group C) is still 
higher than the highest (Group A) among the groups not receiving 
vitamin D. Addition of either calcium (Group B) or phosphate 
(Group C) to the low Ca-low P diet reduces the degree of lead 
deposition. This reduction is greater in Group C than in Group 
B among the vitamin-fed animals, but is approximately of the 
same degree among the animals without vitamin D. 

The degree of calcification is highest in the high calcium-low 
phosphorus group in the group fed vitamin D and is the lowest 
in the same group, in the absence of vitamin D. The degree of 
calcification is in all cases below normal. (The mean ash of 
normal animals of this age is about 56 per cent.) The degree of 
calcification is even less than that of the rats at the beginning of 
the experiment. (The mean ash of 23 day-old rats from our 
colony is 41.9 per cent.) 

The addition of phosphorus to the low calcium-low phosphorus 
diet has a marked depressing effect on whole blood lead, both in 
the presence and absence of vitamin D. The addition of calcium 
to Diet A causes an increase in the lead in whole blood in the 
absence of vitamin D. However, in the presence of vitamin D, 
the lead in whole blood remains almost stationary when com- 
pared to that of the group with vitamin D, fed the low calcium- 
low phosphorus diet. The serum calcium and inorganic phos- 
phorus appear to reflect the dietary calcium and phosphorus 
ratios, which are not corrected to any marked degree by feeding 
vitamin D. This may be attributed to the complicating presence 
of lead in the diet. In the absence of lead, vitamin D would 
restore the normal serum Ca X P product by raising the calcium 
of the low calcium-low phosphorus group and by raising the 
phosphorus of the high calcium-low phosphorus group (9, 10). 


Deposition of Lead and Caleitum As Indicated by Total Amount of 
Lead and Ash in Femurs 


In Tables III to VII the degree of calcification was presented 
a8 measured by the ratio of ash to total bone weight. The degree 
of lead deposition was measured as the ratio of lead to total or 
organic bone weight. In Table VIII the absolute amounts of 
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deposition of calcium and lead are presented. The data presented 
show the total amount of calcification and the total amount of 
lead deposited in the femurs at the end of the experimental 
period. 

It can be seen from Table VIII that the femurs of the group 
fed vitamin D on each diet contain distinctly greater amounts of 
ash than the femurs of the groups not receiving the antirachitic 
vitamin. This increase due to vitamin D was 3.70 mg. in Group 
A, 20.12 mg. in Group B, and 5.04 mg. in Group C. In other 
words the addition of calcium to Diet A greatly increased the 
effect of vitamin D on the amount of calcification, but the addi- 
tion of phosphorus to Diet A increased the effect of vitamin D 
to a small degree only. In Diet A the effect of vitamin D in 
increasing calcification is the least among the three groups. 

In addition to increasing the amount of bone ash in these three 
groups, vitamin D also causes an increase in the amount of lead 
deposited in the femurs in each group. This increase due to 
vitamin D was 251.2 y of Pb in Group A, 197.9 y of Pb in Group 
B, and 94.5 y of Pb in Group C. Thus, the addition of calcium 
to Diet A decreases the effect of vitamin D on the amount of lead 
deposited ; the addition of phosphorus to Diet A decreases the effect 
of vitamin D even more. 

The ratio of the increase of Pb over the increase of ash in each 
group under the influence of vitamin D is as follows: APb/Aash 
for Group A, 251.2/3.7 = 67.9; Group B, 197.9/20.12 = 9.84; 
Group C, 94.5/5.04 = 18.75. APb = mean Pb (in y) per femurs 
of the group fed vitamin D minus mean Pb(in y) per femurs of 
the same group without vitamin D; Aash = mean ash (in mg.) 
per femurs of the group fed vitamin D minus the mean ash (in 
mg.) per femurs of the group without vitamin D. 

It can be seen that APb/A ash is about 7 times as great in Group 
A as in Group B and is about 3.5 times as great in Group A as 
in Group C. Thus, addition of calcium or phosphorus to Diet A 
decreases the influence of vitamin D on the ratio of the increase 
of deposition of lead over that of calcium. 

To sum up, the addition of calcium to Diet A increases the effect 
of vitamin D on calcification and decreases the effect of vitamin 
D on lead deposition. The addition of phosphorus to Diet A 
increases the influence of vitamin D on calcification slightly, 
but decreases the effect on the deposition of lead of vitamin D 
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to a marked extent. These changes are quantitatively expressed 
in the APb:Aash ratios. 


TaB_Le VIII 


Influence of Calcium, Phosphorus, and Vitamin D on Absolute Weight 
of Lead and Ash in Femora (Mean Values) 


The lead and ash values are those found per whole femur. 


| P values 

pb | Ash | Pb | Ash| Pb | Ash | Pb | Ash | Pb | Ash 
Diet A + , | Diet B+ a 

| vitamin D Diet B | vitamin D Diet C 











| | | 
Y mg. | | 


Diet A, |103.0 <10-" 0.01 10-5 | 
21 rats 17.76 10-3 | | 10-4 | 0.08 
Diet A + 354.2 | | 0.01) 
vita- 21.46 | | 10-8 
min D,) | 
13 rats | 
Diet B, | 68.4 | <10-* 0.90) 
13 rats| [13.06 | 10-* | 0.01 
Diet B + 266.3 0.01, <10-° | 
vita- | 33.18, 10-8 <10-8 
min D,) 
16 rats | 
Diet C, | 51.8 | 
21 rats 15.88 0.01 | 
Diet C + 146.3 <10-° | <10-* 10-7 | 
vita- | 20.92 0.75 | | 10-*| ~~ |10-8 
min D,. = | | | | 
20 rats | 

















P = probability that the difference between the two means is due to 
chance. 

Diet A = low calcium (0.03 per cent), low phosphorus (0.262 per cent), 
lead (0.82 per cent); Diet B = Diet A + 2.5 per cent CaCO, = high calcium 
(1.02 per cent), low phosphorus (0.26 per cent), lead (0.80 per cent); Diet C 
= Diet A + 2.75 per cent NasHPO, = low calcium (0.03 per cent), high 
phosphorus (0.857 per cent), lead (0.80 per cent). Vitamin D groups 
received 100 1.u. of vitamin D daily in addition to the diet. 

The mean weight of the bone ash of a group of rats, 23 days of age, 
was 23.4 mg. These rats corresponded in size and weight to the experi- 
mental animals before they were placed on the experimental diets. 


Influence of Calcium Added to Diet A—In the absence of vitamin 
D, the addition of calcium to Diet A caused a decrease of 4.70 
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mg. of bone ash and 34.6 y of Pb in the femur. In the presence 
of vitamin D, the addition of calcium caused an increase of 11.72 
mg. of bone ash and a decrease of 87.9 y of Pb. The ratio, 
APb:Aash, of the change in lead over that of bone ash is given 
in Table IX. 

Calcium added to Diet A decreases the deposition of lead both 
in the presence and absence of vitamin D. Calcification in the 
absence of vitamin D is also decreased, whereas in the presence 
of vitamin D it is increased; so that in the vitamin D group, 
deposition of calcium and lead go in opposite directions under 
the influence of calcium added to the low calcium-low phosphorus 
diet. This is clearly shown in the APb:Aash ratios, which are 


Tasie IX 
Ratio of Change in Lead over That of Bone Ash under Influence of 
Dietary Calcium 





No vitamin D | Vitamin D group 








| Ash | Pb | Ash Pb 

i m~: Loe me. 7 
EE See eee | 17.76 | 103.0 | 21.46 | 354.2 

“« ©4995 CaCdy............ 13.06 | 68.4 | 33.18 | 266.3 

A(mean values of Group B — A). -| —4.70 | —34.6 +11.72 —87.9 
APb 
ae ) SS ee £ —7. 
hoe | +7 .36 | 7.48 





+7.36 in the absence of vitamin D and —7.48 in the presence of 
vitamin D. In this case, a dietary factor which promotes calei- 
fication (the additional CaCOs) causes increased calcification and a 
definite decrease in deposition of lead. 

Influence of Phosphorus Added to Diet A—In the absence of vita- 
min D, the addition of phosphorus to Diet A causes a negligible 
decrease of 1.88 mg. of bone ash and a significant decrease of 51.2 
y of lead in the femur. In the presence of vitamin D, the ad- 
dition of phosphorus to Diet A causes a negligible decrease of 
0.54 mg. of bone ash and a significant decrease of 208.9 y of lead 
in the femur. (For the statistical significance of these changes, 
refer to the P values of Table VIII.) Thus, the addition of 
phosphorus to Diet A has practically no effect on calcification 
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but markedly decreases the amount of lead deposited in the 
femurs. 

Comparison of Path of Deposition of Calcium and Lead in Bones 
It is seen in Table VIII that the amount of ash in the femur of a 
group of rats, 23 days of age, is higher than the bone ash of the 
experimental animals at the end of the experimental period, with 
the exception of the rats on the high calcitum-low phosphorus diet 
fed vitamin D. These 23 day-old animals are representative of 
the experimental animals at the time they were placed on the 
experimental diets. The ash weight of the femurs of the 23 day- 
old group is 23.4 mg.; the ash weight for the high calcium-low 
phosphorus group fed vitamin D is 33.18 mg.; the ashed weight 
of the other five groups is between 13.06 and 21.46 mg. Thus, 
in five of the six experimental groups decalcification takes place 
in the femurs. In contrast to this decalcification, there is a 
marked lead deposition in each of these five groups. This is a 
clear demonstration of the inadequacy of the generally accepted 
statement (11) that, “. . .the direction of the lead stream is similar 
to that of the calcium stream—that, when calcium is being deposited 
in the bones, circulating lead is also deposited in the bones; 
and when calcium is being pulled from the bones, some stored 
lead is also liberated.”” Jn the above mentioned five experimental 
groups, conditions which caused the removal of calcium from the 
bones caused the deposition of lead. 


DISCUSSION 


It is evident from these experiments that the influence of at 
least three dietary factors, namely calcium, phosphorus, and 
vitamin D, must be considered in the understanding of the bio- 
chemical behavior of lead. Two of these factors must be known 
before the effect of the third can be predicted. Vitamin D has a 
different effect, quantitatively, on the three diets varying in 
calcium and phosphorus content and ratios. Calcium has a 
different effect on diets which vary in phosphorus and vitamin D 
content. The effect of phosphorus is also different with varia- 
tions of the calcium and vitamin D of the diets. The emphasis 
in the past has been on calcium (11-14) and later on calcium 
and phosphorus (15, 16). In some experiments the vitamin D 
has been mentioned but its effect on lead concentration in blood 
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and bone was not clear (17, 18). Calvery, in a recent paper, 
mentioned the observation that on a lead-containing rickets- 
producing diet the addition of vitamin D increases bone lead, 
However, the calcium and phosphorus content of this diet is not 
defined (19). Shelling (15) was the first to control these three 
variables. However, he did not obtain quantitative data of 
the lead content of blood or bone but used toxicity and growth 
as criteria. In preliminary experiments from this laboratory the 
dietary calcium, phosphorus, vitamin D, and lead content were 
well defined. It was therefore possible to indicate qualitatively 
the influence of calcium, phosphorus, and vitamin D on the lead 
content of blood and bone. However, since the lead content of 
the different diets varied, it was not possible to compare the results 
quantitatively. The present experiments extended the prelimi- 
nary work by maintaining a constant level of lead in all the 
experimental diets. 

The data presented in this report may be explained by postulat- 
ing that lead, phosphorus, and vitamin D form a system for 
lead deposition analogous to the well established system of 
calcification for calcium (9, 10, 20-22). In such a system one 
may propose that there is an ideal lead to phosphorus ratio in the 
diet at each lead level that is most favorable for lead deposition 
- in the bones. Either the addition or the removal of phosphorus 
would decrease the amount of lead deposited. Addition of any 
agent that behaves as if it removed phosphorus would have the 


same effect as direct phosphorus removal. Such an agent may ° 


be the addition of calcium. Vitamin D in this system may be 
expected to cause a general improvement in the deposition of 
lead to compensate for a disproportionate dietary ratio, and 
improve the deposition on any given ratio. The experimental 
evidence is discussed below. 

It was observed that the low calcium-low phosphorus Diet A 
caused the greatest degree of lead deposition. This diet, there- 
fore, was the most ideal for deposition of lead in the present 
series of experiments. Addition of calcium or phosphorus re- 
duced the degree of lead deposition on this diet. The calcium 
was added here in such great amounts that in effect it removed 
very large amounts of phosphorus that might have been used for 
the deposition of lead. The addition of phosphorus to the low 
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ealcium-low phosphorus diet decreased the lead to phosphorus 
ratio so that lead deposition was adversely affected. The addi- 
tion of vitamin D increased the deposition of lead on all types 
of diets. These observations on the deposition of lead indicate 
a strong analogy to calcification. 

The analogy between the deposition of lead and calcium may 
be carried further to include the idea that the type of dietary lead 
to phosphorus ratio for optimal deposition of lead is approxi- 
mately similar to the type of dietary calcium to phosphorus ratio 
that is optimal for calcification. On this basis the optimal 
deposition of lead observed on the low calcium-low phosphorus 
diet becomes rational. In the low calcium-low phosphorus diet, 
the lead was 0.82 per cent and the phosphorus was 0.262 per cent, 
with negligible amounts of calcium (0.03 per cent). This amount 
of lead is the molar equivalent to 0.156 per cent calcium (Ca:P = 
0.156/0.262 = 0.6). A dietary ratio of calcium to phosphorus of 0.6 
is almost optimal for calcification at a phosphorus level of 0.262 
per cent (10, 20-22). The addition of 1.00 per cent calcium 
or 0.6 per cent phosphorus (the amount used in our lead experi- 
ments) would markedly reduce the calcifying properties of this 
diet. In the light of this the optimal deposition of lead in the 
low calcium-low phosphorus group is understandable, since this 
diet appears to have almost the ideal molar ratio of metal to 
phosphorus for the deposition of the metal. The decrease in 
deposition of lead on the addition of 1.0 per cent calcium or 0.6 
per cent phosphorus also becomes predictable. The objection 
may be raised that the effect of the addition of calcium to a 
ealcium-containing diet on calcification is not analogous to the 
effect of the addition of calcium to a lead-containing diet on lead 
deposition. There is ample evidence, however, that the addition 
of metals other than calcium that are excreted as insoluble phos- 
phates affects the process of calcification. Low phosphate rickets 
has been induced in rats by the addition of lead (15), strontium 
(23-29), magnesium (27-31), iron (32), beryllium (33-36), and 
manganese (37) on diets that were almost optimal for calcification 
in the absence of these metals. The addition of calcium to diets 
that are optimal from the point of view of deposition of lead may 
be considered in the same light as the addition of one of the above 
metals on calcification. 
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The action of vitamin D on lead deposition fits in with the 
proposed analogy between deposition of lead and calcium. Vita- 
min D increases the amount and the degree of lead deposition on 
all the experimental diets, in which respect it is similar to its 
effect on calcification on diets containing similar phosphorus 
levels. 

The blood lead values may be explained by assuming a relation- 
ship between blood lead and dietary lead to phosphorus ratios 
similar to the relationship between blood calcium and dietary 
calcium to phosphorus ratios. As the lead to phosphorus ratio 
is increased, the blood lead value is increased. This means in 
effect that as phosphorus is added to the diet the blood lead is 
depressed (2), and as phosphate is removed by the addition of 
calcium to the diet, the blood lead values are elevated. Kowaloff 
(38), in a clinical study in our laboratory, has shown that the 
addition of phosphate to the diet of a young child suffering from 
lead poisoning depressed the lead of the whole blood. Further- 
more, he has shown a reciprocal relationship between the lead 
in the whole blood and the serum phosphorus. 

The influence of vitamin D on blood lead is similar to its 
influence on blood calcium on corresponding dietary metal to 
phosphorus ratios. In the low calcium-low phosphorus Diet A, 
the type of ratio of lead to phosphorus (as explained earlier) is 
similar to a calcium to phosphorus ratio of 0.6. On this type of 
ratio, serum calcium is elevated owing to the influence of vitamin 
D (9, 10). On Diet A blood lead is also increased. On the high 
calcium-low phosphorus Diet B, because of the removal of phos- 
phorus by the large amounts of dietary calcium present, the 
effective lead to phosphorus dietary ratio is very high. On this 
type of disproportionate diet blood calcium is practically normal 
to start with. Vitamin D acts mainly on the phosphorus, having 
very little effect on the calcium (9, 10). It was observed that 
blood lead was highest in this type of diet, and vitamin D had 
very little effect. On the high phosphorus-low calcium Diet 
C, the type of lead to phosphorus ratio is similar to a calcium 
to phosphorus ratio of 0.18. On this type of ratio the blood 
calcium is low, and responds with difficulty to the action of 
vitamin D (9). It was observed that the lead in the blood was 
lowest on this diet, and the response to the action of vitamin D 
was not marked. 
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The complete explanation of blood lead in relation to dietary 
calcium, phosphorus, and vitamin D (as has been worked out for 
calcium with relation to these same factors) must await additional 
data. The difference between lead and calcium in the blood is 
that calcium is present mainly in the serum, whereas lead is 
present mainly in the red blood cells. Data which will carefully 
define the relationship of serum lead and red cell lead to each other 
and to the diet are necessary. 

In these experiments, the inadequacy of the generally accepted 
statement (13) that “‘.. .the direction of the lead stream is similar 
to that of the calcium stream—that, when calcium is being de- 
posited in the bones, circulating lead is also deposited in the bones; 
and when calcium is being pulled from the bones, some stored lead 
is also liberated”’ (11) is clearly demonstrated. It is shown that 
simultaneous lead deposition and removal of calcium from the 
bone is possible. It is further shown that increased calcification 
does not necessarily mean increased lead deposition. In the one 
group in which calcium deposition did take place there was less 
deposition of lead than in another group in which decalcification 
took place. 

Lead deposition is directed by a system of its own, which is governed 
by the same laws as is calcium deposition but does not necessarily 
go in the same direction. The effect of calcium on the deposition of 
lead is essentially competitive. Calcium tends to remove phos- 
phorus available for deposition of lead. This property of calcium 
may be advantageous for lead deposition in low lead-high phos- 
phorus diets by effecting the removal of excess phosphorus. 
However, if too much calcium is added, phosphorus necessary 
for the deposition of lead will be removed and thus interfere with 
lead deposition. This is offered as an explanation for the contra- 
dictory results obtained in deleading experiments by the use 
of calcium (11, 12, 14, 39, 40). 

In connection with the above picture of lead deposition, lead 
may be assumed to precipitate in the bone cell as some phosphate 
salt, similar to the precipitation of calcium as calcium phosphate. 
Lead phosphates and calcium phosphates are extremely insoluble 
and therefore their precipitation may be discussed on the basis 
of the solubility product principle. The solubility products of 
secondary and tertiary lead and calcium phosphates are given 
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below (see also references 41-43)), where A = activity, C = con- 
centration, » = ionic strength = 3(mz7 + mez? ---), m = molar- 
ity of ion, z = valence of ion. 
[App+}*[Apo.=} = 10-* at 37.5° 
[App+][Anpo,=] = 10 at 37.5° 
(Coa}1Cpo,=}? = 10-7 at 38°, uw = 0.155 
[Coa+)[Cupo,=] = 10°* at 38°, uw = 0.155 


At » = 0.16 and 37.5° the activity coefficient y HPO, is 0.23 
(41) and y PO is 0.15. The latter was obtained by calculation 
of the PO ion concentration from total phosphate as in the 
paper of Logan and Taylor (42), since their solubility product is 
used for tertiary calcium phosphate, and with the same relation- 
ship between total phosphate and PO, ion activity as calculated 
by Millet and Jowett (41). [Apo,=] divided by [Cpo,=] is the activity 
coefficient. 

By multiplying the PO, ion concentration with the activity 
coefficient, one obtains [Co,+]* [Apo,=|? = 10-****. 

Dividing the above equation into [Ap,+]* [Apo,=]? = 10-% 
one obtains [App+]?/ [Coal]? = 10-"-* or [Ap,+] / [Coat] = 10-*!, 

The activity coefficient of Pb** ion is 0.17 at uw = 0.16 (41). 
Multiplying the activity of Pb*+* ion by 1/0.17, one obtains the 
concentration of Pb** ion and the above expression becomes 
[Cpp+]/[Coa+] = 10-*“*. In the blood serum at a total calcium 
of 2.5 mm (10 mg. per cent) the Ca** ion concentration is ap- 
proximately 1.1 mm (44). Therefore, if the blood serum is in 
equilibrium with tertiary lead and calcium phosphates, the 
serum Pb** ion concentration should be 0.008 mg. per 100 ce. 
of serum. In a similar manner, the lead ion concentration should 
be 0.042 mg. per 100 cc. of serum if the secondary calcium and 
lead phosphates are in equilibrium with the blood serum. The 
serum lead in these experiments was higher than those calculated 
above and it is therefore likely that the lead in the blood serum 
is only partially ionized. Since the degree of ionization of lead 
in the blood is not known at present, it is not possible to predict 
total lead in the blood serum in the above manner. 

In the precipitation of the bone calcium phosphate it is believed 
that the initial aggregation of atoms formed from solution for 

















= aes St eS | 6[}—hL 


e-— ’ ez ww « 


ee ee Oe 


oe eed 











Sobel, Yuska, Peters, and Kramer 261 


precipitation is CaHPO,, which changes into the crystalline 
Ca;(PO.)2 (43, 45, 46). It is possible that lead phosphate is 
deposited in a similar manner, because the serum in these experi- 
ments appears to be more supersaturated with respect to Pb3(PO,)s 
than with respect to PhHPO,. More data on the nature of the 
lead salt deposited and the degree of ionization of lead in blood 
serum are necessary before conclusions can be finally drawn. 

In a solution containing calcium, lead, and phosphate ions, 
calcium phosphate and lead phosphate may precipitate in- 
dependently or else the precipitation of one salt may cause 
the coprecipitation of some of the other salt. If there are two 
independent solids precipitating, the solubility product principle 
may be applied quantitatively. If there is coprecipitation, the 
solubility product principle can be applied only qualitatively. 

If the two salts behave independently, then, at an equilibrium 
of the two solids with the solution, the concentration of the ions 
will be such that the solubility products of lead and calcium 
phosphates are satisfied. If calcium ions are added to such a 
system, calcium phosphate will precipitate and the phosphate 
concentration in solution will be diminished. Thus, the solubility 
product of lead phosphate would no longer be satisfied. In order 
to reach the solubility product of lead phosphate the concentration 
of lead ions would have to be increased, and this is attained 
by the solution of solid lead phosphate until equilibrium is again 
reestablished. Similarly, the addition of lead ions would cause 
the precipitation of lead phosphate and the solution of calcium 
phosphate. The addition of phosphate ions to the equilibrium 
system would cause the precipitation of both lead and calcium 
phosphates, whereas the removal of phosphate ions (by either a 
third ion such as Be** or the formation of an un-ionized complex) 
would cause a solution of both lead and calcium phosphates. 
The above considerations hold true both for the tertiary and the 
secondary phosphates at equilibrium. Thus, if the two salts 
behave independently, there are four possibilities: (1) precipita- 
tion of calcium phosphate with re-solution of lead phosphate, (2) 
precipitation of lead phosphate with re-solution of calcium, 
(3) simultaneous precipitation of both, (4) simultaneous solution 
of both. In these experiments processes (2) and (3) took place 
in the bones and they are both possible from the above considera- 
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tions. Whether process (1) or (4) can take place will be shown 
in deleading experiments in progress at present. 

If coprecipitation of lead salts with calcium phosphate occurs, 
but only to a small degree, then the above consideration will still 
hold. If coprecipitation is marked, then the solubility product 
principle cannot predict anything more than the formation of the 
first crystal. If lead deposition were invariably to follow the 
path of calcium, as claimed by some investigators (11-13), it 
would imply that lead deposition is coprecipitation on the bone 
calcium phosphate salts, and not an independent precipitation 
of lead phosphate. In these experiments, where simultaneous 
decalcification and lead precipitation took place, it is indicated 
that lead deposition is a precipitation of lead phosphate and not 
purely a coprecipitation phenomenon of calcium phosphate. 
(The coprecipitation hypothesis might be true if simultaneous 
coprecipitation of lead is assumed on new calcium phosphate 
precipitate and a very rapid resorption of the old calcium phos- 
phate salt in the bone, but there is no reason at present to assume 
that this hypothesis is correct.) 

In examination of the causes of the blood lead values obtained, 
the probable reactions in the gastrointestinal tract can be studied 
by means of the solubility product principle. Here the situation 
is more complex than in the blood. In the gastrointestinal tract, 
the pH, ionic strength, and the composition undergo wide varia- 
tions, depending on the diet and gastrointestinal secretions; 
whereas in the blood the pH, ionic strength, and the composition 
are fairly constant. In the experiments described in this paper 
the basal diet was constant, the variations being only in the 
calcium, phosphorus, and vitamin D. It can be therefore assumed 
that the pH, ionic strength, and the composition were as constant 
as possible in physiological experiments, with the exception of 
calcium, phosphorus, and vitamin D. With the above limitations 
in mind, the solubility product principle can be applied to the 
gastrointestinal tract and a rational explanation may be offered 
for the blood lead values observed. In this explanation it is 
assumed that absorption per unit of time is proportional to the 
ionic concentration of lead, and the blood lead concentration 
follows the absorption. With these assumptions, the additions 
of phosphate should interfere with the absorption of lead by 
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decreasing the ionic concentration of lead, owing to the precipita- 
tion of lead phosphate. The addition of calcium should increase 
the absorption of lead by removing phosphate, thus causing an 
increase in the lead ion concentration by the mechanism ex- 
plained earlier. Thus the increase in blood lead concentration 
on the addition of calcium to Diet A and the decrease of blood 
lead values on the addition of phosphate to Diet A become also 
rational. 

The above considerations do not explain the réle of vitamin D 
on blood lead but may be a limiting factor on the extent to which 
vitamin D alters the absorption and retention of lead. 


SUMMARY 


1. Experiments were designed to study the influence of dietary 
calcium, phosphorus, and vitamin D on fhe biochemical behavior 
of lead in young rats. The diets used varied with respect to these 
three factors but were similar in their lead content. 

2. The results show that influence of all three dietary factors, 
namely calcium, phosphorus, and vitamin D, must be considered 
in the biochemical behavior of lead. 

3. Lead deposition in the bones may be explained by postulating 
that lead, phosphorus, and vitamin D form a system of lead 
deposition analogous to the system of calcification. The addition 
of calcium tends to remove phosphorus from the system for 
lead deposition. 

4. Blood lead values obtained may be explained by assuming a 
relationship between blood lead and dietary lead to phosphorus 
ratios similar to the relationship between blood calcium and 
dietary calcium to phosphorus ratios. The influence of vitamin 
D on blood lead is similar to its influence on blood caleium on 
corresponding dietary metal to phosphorus ratios. 

5. It was experimentally demonstrated that simultaneous lead 
deposition and removal of calcium from the bones is possible. 
Furthermore, it was shown that increased calcification does not 
necessarily mean increased lead deposition. 

6. It is concluded therefore that lead deposition is directed by 
a system of its own, which is governed by the same laws as is 
calcium deposition but does not necessarily go in the same direc- 
tion. The effect of calcium on the deposition of lead is essentially 
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competitive, because it tends to remove phosphorus available 
for lead deposition. 


11, 
12. 


13. 
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During a study of the effect of oxidation and reduction upon 
the activity of carbonic anhydrase, it was found that bromine 
has, of itself, a strong catalytic effect upon the hydration of COx. 
This observation led to the systematic study of the catalytic 
effect of the halogens and halogen compounds herewith presented. 
Recently, Roughton and Booth (1938) published a comprehensive 
study of the catalytic effect of buffers upon the hydration of COy. 
Among a number of salts investigated, they found that sulfite 
and selenite were the strongest catalysts. We shall present data 
showing that bromine and hypobromous acid exceed sulfite and 
selenite in their catalytic activity. 

Measurements of the uncatalyzed hydration were made by 
Faurholt (1924), by Brinkman, Margaria, and Roughton (1933), 
and by Stadie and O’Brien (1933), using different methods. 
Though their results differ but slightly among themselves, they 
are not entirely comparable, as it is now known that buffer salts, 
which are necessarily present, have, of themselves, a catalytic 
effect. The measurements to be reported |) ‘his paper permit the 
estimation of the rate of hydration at different pH values when 
the buffer concentration equals zero. 


Methods 


The hydration of CO, was measured manometrically in a manner 
similar to that of Brinkman, Margaria, and Roughton (1933) 
(Fig. 1). As the reaction chamber, a boat-shaped vessel, 6, with 
aground joint was used. (It was connected with the manometric 
system by means of copper tubing and a 3-way stop-cock, 4.) 
The manometer system consisted of the closed manometer of a 
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Van Slyke gas analysis apparatus and a volumetric Van Slyke 
gas burette. One of the upper outlets of the gas burette was 
connected with a Kipp generator as a source of CO:; to the other 
outlet, a 3-way stop-cock was sealed, 5. One outlet of this stop- 
cock was connected with the copper tubing leading to the reaction 
vessel; another outlet was connected to a vacuum pump. The 
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Fic. 1. Apparatus used to determine the rate of hydration of CO; 
For a description of the apparatus and its use, see the text. 


reaction vessel was attached to a shaker, which ran with a speed 
of 480 to 500 oscillations per minute. 


EXPERIMENTAL 


Procedure—A measured amount of buffer solution was placed 
in the reaction vessel and the vessel connected with the copper 
tubing at 6. The whole system, vessel and burette, was then 
evacuated to the vapor pressure of the buffer solution. The 
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reaction vessel was shaken during the evacuation to extract all 
gases. Stop-cock 5 was then closed, and CO, was drawn into the 
burette through stop-cock 4 and measured. Stop-cock 4 was 
then turned so that the burette and reaction vessel were connected, 
the CO, thereby passing into the reaction vessel. The mercury 
was brought to the 1.0 cc. mark of the burette. During the 
reaction, the mercury could be brought back to the 1.0 cc. mark 
by manipulating stop-cock 7. (Stop-cock 2 was not used save 
for the ejection of gas.) For pressure readings, stop-cocks / and 
3 were closed and the manometer reading thus fixed at any definite 
time. In this way, accurate pressure measurements at constant 
volume were possible. 

In our experiments, the liquid phase was 10 ml., the gas phase 
41.8 ml. All experiments were carried out at a temperature of 
5.0°. The whole apparatus, all solutions, and the gas generator 
were kept in a room at that temperature. The buffer solutions 
employed were 0.2 m phosphate, 0.1 mM pyrophosphate, 0.1 m 
borate, and 0.1 mM carbonate. In each experiment, the pH of the 
buffers was measured electrometrically with the glass electrode. 

In most experiments, an initial CO, pressure of 100 mm. of Hg 
was used. Several series of experiments were performed at lower 
and higher pressures with similar results. It was found that when 
the initial CO, pressure was 100 mm. of Hg, the corresponding 
equilibrium pressure, following the physical solution of CO, but 
before hydration began, was 79 mm. 

Most of the experiments were carried out on the hydration of 
CO:, only a few on the dehydration. It was found that, under 
comparable conditions, the catalyzed and uncatalyzed hydration 
and dehydration reached the same equilibrium state. This may 
be interpreted as evidence that the catalytic effect was the same 
in both the hydration and dehydration reactions. 

Calculation of Velocity Constants and Catalytic Effect-—The 
hydration of CO, proceeds at pH =7 according to the reaction, 
CO, + H,O = H.CO;. The hydration rate may be expressed as 
dCO,/dt = Keo, [CO,] -~ kuco, [H.CO;] where koo, is the velocity 
constant for the hydration of CO, and ky.co,, the constant for the 
dehydration of H,CO;, respectively. At the beginning of the 
hydration, the opposing reaction (dehydration) can be neglected 
in calculation of the hydration velocity constant, keo,. 
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The derivation of the equations employed is given in the paper 
by Brinkman, Margaria, and Roughton (1933), and need not be 
repeated here. The symbols used and their definitions follow, 
a = concentration of CO, at time 0; z = concentration of CO, 
at time t; Po = pressure of CO, at time 0; P = pressure of CO, 
at time t; Ve = volume of gas phase; V, = volume of liquid phase; 
a = absorption coefficient of CO. (Bunsen). The time is measured 
in seconds. 

The equation for kgo, in the above terminology is as follows: 


Ve 
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In solutions whose pH exceeds 7, the reaction CO, + OH- = 
HCO;- must be taken into account. In very alkaline solutions 
(above pH 10), the reaction CO, + H,O — H.CO; can be neg- 
lected. Then —dz/dt = keo.,0n- [COs] [OH-} where kco.,0H- is 
the velocity constant of the reaction between CO, and OH™~ (the 
back reaction being neglected). 

By analogy with Equation 1 

1 - «) P 
kco.,on- X [OH™] = —— x 4‘ x n= (2) 
te — t; a P,; 

Between pH 7 and 10, the over-all constant, k, for the two 

reactions occurring simultaneously is 
Va 
r**) 


ie : 
k = kco, + kco,,oH- X [OH] = —— X * hb — 


bh—t a P; @) 


In addition to the calculation of the hydration velocity constant, 
the half time of the completion of the hydration was estimated in 
all experiments. If the amount and concentration of buffer and 
the initial CO, pressure are kept constant, the half time depends 
only upon the two velocity constants. As a measure of the 
relative catalytic effect of different substances, the concentrations 
of catalysts which decreased the half time of the reaction by 50 
per cent were compared. This is equivalent to determining what 
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concentration of catalyst is necessary to double the hydration and 
dehydration velocity constants. 

Calculations of the velocity constants are based on the assump- 
tion that the reaction is of the first order. The velocity constant 
does not vary significantly if the CO, concentration is changed 
over a rather wide range (Table I). These results would seem to 
justify the treatment of the reaction as of the first order. 


Uncatalyzed Hydration of CO, 


Faurholt (1924), Brinkman, Margaria, and Roughton (1933), 
and Stadie and O’Brien (1933) have investigated the kinetics of 
the hydration of CO,. The velocity constants found by these 


Tase | 
Hydration of CO, in 0.2 m Phosphate at pH 7.0 at Varying Initial Pressures 


The pressure is that of CO, at the beginning when CO, is only in the gas 
phase. 





Initial pressure of CO: kCO, 
mm. Hg 
50 | 0.007 
100 | 0.0075 
250 0.0072 
500 0.0077 


1100 0.0076 


authors, and expressed in the same units, were Keo, = 0.003 and 
keo.,on- = 930 at 0° (Faurholt) ; keo, = 0.0026 and keo.on- = 840 
at 0° (Brinkman et al.); kgo, = 0.0027 at 0° (Stadie and O’Brien). 
These studies were carried out before it was discovered by 
Roughton and Booth (1938) that the presence of buffer salts 
modifies the velocity of the hydration of CO:. Our measurements 
in buffer solutions of different concentrations confirm their find- 
ings. The measurement of the velocity of hydration in buffer 
solutions of varying strength and at constant pH allows the extra- 
polation of the velocity constant to zero buffer concentration. 
The results of experiments with phosphate buffer and at pH 
6.15, 7.0, and 7.55 are shown in Fig. 2. It is seen that a linear 
relation exists between the value of the hydration constant, kgo,, 
and the molar concentration of the buffer salt. From these data, 
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the hydration constant of CO, at zero salt concentration and 5° 
is found by extrapolation to have the following values: kgop, = 
0.0036 at pH 6.15, 0.0037 at pH 7.0, 0.0039 at pH 7.55. Using 
the values of kop, reported at 18° and 0° by Faurholt and by 
Brinkman, Margaria, and Roughton and applying the Arrhenius 
equation to our data at pH 7.0 yield the value keo, = 0.0020 at 0° 





00S 010 O15 O20 025 030 
Concentration of phosphate (mots per Liter) 


Fig. 2. Velocity constant of hydration of CO:, kco,, at different pH 
values and different phosphate concentrations. Determinations at pH 
7.55 are designated as ©, at pH 7.0 as @, at pH 6.15 as OD. 


and zero salt concentration. This compares favorably with the 
value kop, = 0.0021 reported by Roughton and Booth. 

The results of measurements of the hydration rate at 5° in buffer 
solutions whose pH varied between 8.1 and 10.1 are given in 
Fig. 3. It is seen that the over-all constant k varies linearly with 
the concentration of the buffer. Although the catalytic effect 
of borate buffer at pH 9 is very different from that of pyrophos- 
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phate at the same pH, it is of interest that both values of k extra- 
polated to zero buffer concentration are in good agreement. 
From these data and Equation 3, the values of keo,o4- at 5° 
have been calculated, assuming keo, = 9.0037 and pK, = 14.73 
(Harned and Hamer, 1933). The error of the graphical method 
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Concentration of buffers in mols per Liter 


Fic. 3. Velocity constant of hydration of CO, (k = kco, + kco,on- 
xX [OH-]) at different pH values and different buffer concentrations. De- 
terminations in carbonate buffer at pH 10.1 are designated as © ; in borate 
buffer at pH 9 as ©; in pyrophosphate buffer at pH 9 as 0, at pH 8.55 as 
A, at pH 8.1 as VY. 


of extrapolation to zero salt concentration is approximately 
+0.002 at pH 8.1, 8.55, and 9.0; it is +0.0005 at pH 10.1. The 
effect of these errors on the estimated values of kcoo,on- has been 
indicated in in Table II. Between pH 8.1 and 9, the value of 
kco,on- iS approximately 2900, although there is considerable 


er uncertainty about its exact magnitude. This is due to the fact 
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that kceo, makes up a large proportion of k, At pH 10.1, the value 
of kco.,on- was 1840. 

Corrected to 0°, keo.on- = 1200 (with the temperature coeffi- 
cient of the reaction from the data of Faurholt), or keo,on- = 1400 
(with the temperature coefficient of Brinkman, Margaria, and 
Roughton). It should be pointed out that our lowest estimate 
for the value of keo,o4- at pH 10.1 is considerably higher than 
those previously reported (Faurholt, kco,on- = 930; Brinkman, 
Margaria, and Roughton, kceo,on- = 840). We have no explana- 
tion to offer which would account at present for this difference in 
results. 

Following the ideas of Thiel (1913), Thiel and Strohecker (1914), 
and Faurholt (1924), we have assumed that the increase of the 


TaBe II 


Velocity Constants of Hydration of CO, in Alkaline Solutions According to 
Reaction, CO, + OH~ = HCO; at Zero Buffer Concentration 





Value of & at 0.0 buffer 





pH Buffer concentration kCO», OH- 
8.1 Pyrophosphate 0.0044 + 0.0002 2950 + 850 
8.55 - 0.0056 + 0.0002 2900 + 300 
9.0 “ 0.0090 + 0.0002 2850 + 100 
9.0 | Borate 0.0090 + 0.0002 2850 + 100 
10.1 


| Carbonate 0.0468 + 0.0005 1840 + 25 





hydration rate in alkaline solution is due to the reaction between 
CO; and OH-. The experimental data satisfy the treatment of 
the hydration asa reaction of CO, with H,O and with OH-. 
However, the increase of the hydration rate in alkaline solutions 
could equally well be attributed to catalysis by hydroxyl ions. 


Catalytic Effect of Halogens 


Materials Used—The catalytic effects of chlorine, bromine, 
and iodine, and a number of halogen compounds, have been 
studied. The reagent chemicals, bromine, iodine, chloride, 
bromide, iodide, chlorate, bromate, iodate, perchlorate, and 
periodate were used without further purification. Chlorine was 
prepared by oxidation of HCl by manganese dioxide. Hypo- 
chlorous, hypoiodous, and hypobromous acids were always freshly 
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ue prepared by the reaction between the halogens and mercuric 
oxide. Hypochlorous and hypobromous acids were purified by 
fi- yacuum distillation in the absence of light and were kept at low 
0) temperature. An impure hypoiodous acid was prepared by add- 
id ing iodine in water to mercuric oxide and filtering through a glass 
te filter. Further purification of the hypoiodous acid was not 
in attempted because of its rapid decomposition. The strength of 
n, these acids was determined both by iodometric titration and by 
a- titration with standard alkali. Since extremely low concentra- 
in tions of hypochlorite and hypobromite were used in the catalysis 
experiments, the necessary amounts of acid were added to the 

), buffer solutions without previous neutralization. 
1e It was important, in our experiments, to know the dissociation 


constants of hypochlorous and hypobromous acid. Values given 
for the dissociation constant of hypochlorous acid, K = [H*] 
lo [OCl-]/{HOCI], are 3.7 X 10-* at 17° (Sand, 1904), 0.067 x 10-* 
} at 25° (Noyes and Wilson, 1922), 1.0 X 10-* at 25° (Soper, 1924), 
5.1 X 10-® at 30° (Giordani, 1924), and 4.5 X 10-* (Skrabal, 
1938). We have determined the dissociation constant at 5° by 
titration of a 0.06 m solution of HOC] with sodium hydroxide, 
measuring the pH electrometrically with a glass electrode, and 
found K’ = 2.8 X 10-8, or pK’ = 7.55. 

The dissociation constant of hypobromous acid has recently 
been determined at 20° by Shilov and Gladtchikova (1938) and 
found to be 2.06 x 10-*. We have redetermined this constant 
n at 5° and obtained the value 1 X 10-°, pK’ = 9.0 (Kiese and 


of Hastings, 1939). 

| As stated earlier, the catalytic effect was measured by the con- 

s centration of the catalyst which was necessary to double the rate 
of hydration. 


Bromine and Hypobromous Acid 


> 


, The effect of bromine upon the hydration of CO, was tested 
over the pH range 6.1 to 10.1. The results are given in Table 
III. Bromine catalyzed the hydration over the whole range 
studied, the effect increasing with increasing pH, up to pH 9. 
The catalytic effect of hypobromous acid slightly exceeded that 
of bromine. 

Bromine reacts in water according to the reaction Br, + H,O = 
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HBr + HOBr. The hydrolysis constant is given by the equation 
{H*] [Br-] [HOBr]/[Br.] = K, where K = 0.69 X 10~* at 0°, and 
K = 1.76 X 10~* at 10° (Liebhafsky, 1934). The concentration 
of HOBr in a solution of Br in water at pH 7.5 and less is, accord- 
ing to the hydrolysis constant, very low and much too small to 
account for the catalytic effect of these solutions. The catalytic 
effect is, therefore, to be ascribed to the Bry itself. 


Chlorine and Hypochlorous Acid 


Chlorine and hypochlorous acid catalyze the hydration of CO, 
similarly to bromine and hypobromous acid. Their catalytic 
activity, however, is only about one-tenth that of bromine. 
Again, Cl, and HOC! are roughly of approximately equal catalytic 
activity (Table III). 


Taste III 
Catalytic Effect of Brz, HOBr, Cl,, and HOCI at Different pH Values 














Concentration required to double rate of hydration, 
pH Buffer oa mame per liter 

B: | HOBr | Ch | HOCI 
6.15 Phosphate 0.44 | | | 4.4 
6.90 ” 0.19 | 0.17 3.0 2.75 
7.55 ” 0.09 0.05 0.9 | 0.7 
9.0 Borate 0.02 | 0.01 | 0.32 | 0.27 
10.0 Carbonate | 0.03 | 0.02 | 0.3 0.27 








The proportion of Cl, present as HOC! in a solution of Cl, is 
much larger than in the case of bromine. From measurements of 
Jakowkin (1899) at 25°, the hydrolysis constant of Cl, is calculated 
to be K = 4.48 X 10‘. If the temperature coefficient is similar 
to that found for bromine, the hydrolysis constant will be approxi- 
mately 1 X 10~* at 5°. Therefore, over the pH range covered in 
our experiments, the proportion of the chlorine present as Cl 
was small and the concentration of HOCI rather high. It is, 
therefore, not possible to estimate separately the relative catalytic 
effects of Cl, and of HOCI. 

The question of whether the effect of pH on the catalytic effect 
of Bre, HOBr, Cle, and HOC! could be attributed to the concen- 
tration of OBr~ and OCI ions has been considered. By compar- 
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ing the relative concentrations of these ionic species with their 
corresponding catalytic effects, we have found that such an ex- 
planation is inadequate. 

The close similarity in the change in catalytic activity of Bro, 
HOBr, Cl, and HOC! with pH could be accounted for as follows: 
The rate of hydration of CO, according to the reaction, CO, + 
OH- = HCO;-, is determined by the concentration of hydroxyl 
ions, other things being equal. Perhaps bromine and chlorine 
catalyze only this reaction and not the reaction, HxO + CO, = 
H,CO;. This would adequately account for the observed relation 
between catalytic activity and hydroxyl ion concentration. 


Other Halogen Compounds 


Iodine and hypoiodous acid did not have any perceptible 
catalytic effect upon the hydration. The halogenides, haloge- 
nates, and perhalogenates have been tested in concentrations up 
to 0.05 and 0.08 m, and found to have a negligible catalytic effect. 
The catalytic effects of chloride, iodide, and fluoride reported by 
Roughton and Booth (1938) are of a much lower order of magni- 
tude than those of Cl, and Brs. 

Carbon tetrachloride in saturated solution in 0.2 m phosphate 
at pH 7 did not affect the hydration rate. 


Sulfite and Selenite 


Sulfite and selenite were shown by Roughton and Booth (1938) 
to be relatively strong catalysts of the hydration of CO,. Our 
results confirm these findings. From our data, which are given 
in Table IV, it cannot be decided which one is the stronger cata- 
lyst. (Sulfite was more active at pH 6.5, 7.0, and 9.0; selenite 
more active at pH 7.55 and 10.1.) Roughton and Booth found 
selenite more active than sulfite. Both salts are much weaker 
catalysts than Br, and Cle, and the relation of catalytic activity 
to hydrogen ion concentration is quite different from that which 
was found for Bre and Cly. Sulfite and selenite appear to exhibit 
&maximum activity between pH 7.5 and 9, which was not apparent 
in the case of Bre, HOBr, Cl, and HOCI. The second dissociation 
constants of sulfurous acid, pK’ = 7.0, and selenious acid, pK’ = 
8.2, were determined by electrometric titration at 5°. It seems 
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doubtful that the dissociation of the acids plays a determining 
role in the activity of these two catalysts. 

A point of additional interest is that, although sulfide is the 
strongest inhibitor of carbonic anhydrase, sulfide did not inhibit 
the catalytic effect of sulfite. 


TaBLe IV 
Catalytic Effect of Sulfite and Selenite at Different pH Values 
Sulfurous acid, pK : = = 7.0; selenious acid, pk = 8.2. 


Concentration required to double rate of 
hydration, mm per liter 














pH Buffer rw le Aiden 
Sulfite Selenite 
6.15 _ Phosphate 5.5 7.5 
7.00 - 3.3 5.3 
7.55 ae | 2.0 1.3 
9.00 Borate 1.4 1.6 
10.1 _ Carbonate 8.7 7.0 
TaBLe V 
Comparison of Effect of Different Catalysts on Rate of Hydration and 
Dehydration 


The half times of the reactions are given as a measure of their rates. 
101 ml. © of phosphate, 0.2 M, at pH 6. 9. 


Initial | Half time | CO: pres- | Half time 
Catalyst Concentration CO: of sureat of dehy- 
| pressure hydration equilibrium dration 








| mm. Hg sec. mm.Hg | sec. 
0 | 227.5 122 103.0 | 118 
Anhydrase 327% 227.0 23 | 13.0 2% 
Br; 0.72 mm per |. 227 .0 31 108.5 80 
HOBr — OS UFOS 20 103.5 | 21 
Sulfite ore * | aes 36 =: 103.0 g 35 


! 





Comparison with Carbonic Anhydrase 


The relative catalytic activity of carbonic anhydrase and the 
catalytically active inorganic substances have been compared. 
The enzyme is much stronger than any of the inorganic catalysts 
mentioned above. Although the enzyme preparations used in 
our experiments were not pure, a concentration of 1 y per cent of 
our best preparations was sufficient to double the rate of hydration 
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at pH 7.55. (Carbonic anhydrase has its optimal activity close 
to pH 8; see the following paper (Kiese and Hastings, 1940).) 
Bromine at pH 7.55, must be present in a concentration of 0.09 
mM per liter to produce the same catalytic effect. This means 
that weight for weight our carbonic anhydrase was more than 
1000 times more active than bromine. 

The question of whether the catalysts catalyze hydration and 
dehydration equally is of some interest. Measurements of the 
rates of hydration and dehydration, made under similar conditions 
and at the same pH, are reported in Table V. After the hydra- 
tion had reached equilibrium, the shaker was stopped. The CO, 
in the reaction vessel was then quickly pumped off and the dehy- 
dration started. As pointed out above, an unequal increase of 
the hydration and dehydration rates would lead to an equilibrium 
different from the one reached by the uncatalyzed reaction. These 
data show that the enzyme, as well as the other catalysts, increases 
the rates of hydration and dehydration equally. This is shown 
both by the agreement between the direct measurements of these 
rates and from the identical positions of the equilibrium pressures. 


Miscellaneous Experiments 


In experiments on the thermal decomposition of bicarbonates, 
Stumper (1931) found that this process can be catalyzed by a 
number of substances. The most powerful catalysts were some 
kinds of charcoal, graphite, and tungstic oxide. Since the de- 
composition of bicarbonate involves the two reactions 2HCO; — 
CO;- + H.CO; and H,CO; — CO, + H,O, we tested charcoal, 
graphite, and tungstic oxide for their catalytic effect upon the 
hydration of CO,. The results were negative. 

Platinum and palladium deposited on asbestos and colloidal 
palladium prepared after Pal were also found to be without effect 
on the hydration of COs. 

On the other hand, hydrogen peroxide was found to double the 
speed of hydration of CO, in a concentration of 0.05 m at pH 6.9. 
This catalytic effect has not been further investigated. 


SUMMARY 


The velocity constants for the hydration of CO, according to 
the reactions, H.O + CO, = H,CO; and CO, + OH- = HCO,;-, 
were measured by a manometric method. 
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Bromine, hypobromous acid, chlorine, and hypochlorous acid 
are strong inorganic catalysts for the hydration of COs. Br» is 
stronger than Cl.. They are particularly effective in the alkaline 
range. 

Iodine, hypoiodous acid, the halogenides, halogenates, and 
perhalogenates do not have significant catalytic effects. 

Sulfite and selenite are weaker catalysts for the hydration of 
CO, than Cl, and Bre. They have an optimal activity between 


pH 7 and 8. 
Weight for weight, carbonic anhydrase is at least 10° times more 


active than Bro. 

The dissociation constant of hypochlorous acid at 5° was found 
to be K’ = 2.8 X 10°, and that of hypobromous acid at 5°, 
K’ = 1.0 X 10°. 
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FACTORS AFFECTING THE ACTIVITY OF CARBONIC 
ANHYDRASE 


By MANFRED KIESE anp A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston) 


(Received for publication, October 14, 1939) 


The activity of several hydrolytic enzymes, e.g. papain, urease, 
phosphatase, can be altered by reducing or oxidizing substances. 
Some observations suggest that the effects of oxidizing and 
reducing agents on the hydrolytic and synthetic activities of 
the enzymes are different. For example, Waldschmidt-Leitz, 
Scharikova, and Schaffner (1933) report that the hydrolysis of 
glycerophosphate by kidney phosphatase is inhibited by sulfide 
and by cysteine, although these substances do not change the 
synthetic activity of the enzyme. Kayashima (1938) reports 
that the hydrolytic activity of liver esterase is increased by reduc- 
tion and decreased by oxidation, while the synthetic activity is 
increased by oxidation and decreased by reduction. Lens protein 
and succinic dehydrogenase were used to reduce the enzyme and 
aeration in the presence of copper sulfate to oxidize it. These 
observations are not consistent with the classical definition of 
a catalyst. 

In undertaking a study of the modification of the lytic and 
synthetic properties of an enzyme, it seemed desirable to choose 
one in which both properties could be studied with the same 
degree of precision. Carbonic anhydrase meets these require- 
ments admirably because both the hydration of CO, and the 
dehydration of HyCO; can be accurately measured. 

The experiments to be presented herein are concerned with 
(1) the further purification of the enzyme, carbonic anhydrase, 
(2) the effect of various oxidizing and reducing agents on the 
enzyme, (3) the effect of pH, and (4) the reexamination of the 
effect of other substances reported to be inhibiting agents, such as 
CO, cyanide, and sulfide (Meldrum and Roughton, 1934). 
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Since the papers of Meldrum and Roughton (1934) and Stadie 
and O’Brien (1933) deal extensively with the properties of car- 
bonic anhydrase, they will not be reviewed again here. 

Measurement of Activity of Enzyme—The activity of the enzyme 
was measured by the effect on the rate of hydration of CO, and 
dehydration of HyCO; in 0.2 m phosphate buffer solution, pH 7.0, 
Hydration and dehydration rates were measured manometrically 
with an apparatus which is described in the preceding paper 
(Kiese and Hastings, 1940). Initial CO, pressures from 100 to 
250 mm. of Hg were used. Hydration and dehydration were 
usually studied consecutively on the same solution. After the 
hydration had come to equilibrium, the shaking of the reaction 
vessel was stopped, the gas space rapidly evacuated, and after 
the shaker was started again, the rate of dehydration was meas- 
ured. In many experiments, the rate of dehydration was not 
separately measured, but only the rate of hydration and the 
equilibrium pressure. From these data, any effect upon the 
rate of dehydration could be detected. Since the amount and 
concentration of buffer and the initial CO, pressure were kept 
constant, the equilibrium pressure depended upon the ratio of 
the velocity of the hydration and dehydration. Therefore, if a 
catalyst increased the speed of hydration and the reaction came 
to the same equilibrium as the uncatalyzed reaction, the dehydra- 
tion must have been influenced by the catalyst to the same extent 
as the hydration. 

The concentration of the enzyme which increased the reaction 
rate by 100 per cent was chosen as the measure of catalytic ac- 
tivity. The half time to the completion of the reaction was 
usually used as the measure of the reaction rate. The procedure 
followed is apparent from inspection of the curves given in Figs. 
2,3, and 5. The equilibrium pressure corresponding to zero time 
was found by extrapolation. All experiments were carried out 
at 5.0°, and were repeated two or more times. 


Preparation of Carbonic Anhydrase 


The enzyme was prepared from washed beef erythrocytes. In 
the first step, the removal of hemoglobin from the solution of 
hemolyzed cells, the procedure of Meldrum and Roughton and 
of Stadie and O’Brien was followed. To the washed erythro- 
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cytes were added water, alcohol, and chloroform, each in the 
amounts equal to half the erythrocyte volume. The mixture 
was shaken for some minutes, and centrifuged after several hours. 
The supernatant fluid containing the enzyme was then dialyzed 
against running water to remove the alcohol and chloroform. 
A repeated fractional precipitation of the solution with am- 
monium sulfate was then carried out. From a 1 per cent solution 
of the crude material, the highest concentration of enzyme was 
precipitated between 70 and 85 per cent saturation with am- 
monium sulfate. The final fraction was electrodialyzed. The 
whole procedure was carried out at 5°. The enzyme prepared 
in this way will be referred to as Preparation A. 0.35 y of this 
preparation in 10 ml. of phosphate, pH 7.35, increased the speed 
of hydration by 100 per cent. The activity of this enzyme prepa- 
ration may be compared with that of Meldrum and Roughton. 
Their preparation doubled the dehydration rate, at 15°, in a con- 
centration (by weight) of 1:7,000,000 while our Preparation A 
had the same activity at 5° in a concentration of 1:30,000,000. 

The enzyme was purified further by a procedure which we shall 
call fractional denaturation. The enzyme was dissolved in a 
slightly acid buffer and sodium bicarbonate added. A vigorous 
foaming ensued which denatured and precipitated protein. If 
the amount of bicarbonate was too large, practically all the protein 
in solution was denatured, including the enzyme. But if the 
foaming was not excessive and the protein precipitation incom- 
plete, the enzyme remaining in solution was in a relatively purer 
state. The optimal amount of bicarbonate had to be determined 
by preliminary experiment. The enzyme so obtained was still 
slightly yellowish in color, but less so than before treatment. 
The colored substance could be adsorbed on an old aluminum 
hydroxide B (Willstatter and Kraut, 1924) without loss of enzyme. 
Continuing these two procedures, fractional denaturation and 
adsorption, gave a colorless enzyme preparation whose purity 
was increased 3 to 5 times, compared with that of Preparation A. 


Some Chemical Properties of the Enzyme 


The enzyme lost very little activity if kept in 0.5 per cent solu- 
tion at 3° for several weeks. However, in 0.001 per cent solution 
at 3°, the activity decreased 50 per cent in 3 to 6 days. 
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The iron content of several preparations was estimated by the 
method of Willstitter (1920). After a single ammonium sulfate 
precipitation, the enzyme preparations contained 0.02 to 0.05 
per cent iron. With repeated fractional precipitation with am- 
monium sulfate, the iron content decreased. Preparation A con- 
tained 0.008 per cent iron. Further purification did not further 
decrease the concentration of iron. 

Since this work was completed, Keilin and Mann (1939) have 
reported the important observation that the activity of their 
carbonic anhydrase preparations is paralleled by the zinc content 
of the preparations, their best material containing 0.31 to 0.34 
per cent zinc. Iron, copper, manganese, and magnesium were 
absent from their purest preparations. Unfortunately, no ob- 
servations were made on the zine content of our preparations. 

No phosphorus was detected in our enzyme preparations. In 
view of the error of the method employed and the amount of 
material used, this would indicate that the phosphorus content 
was less than 0.01 per cent. 

The mobility of the enzyme in the Tiselius cataphoresis ap- 
paratus (1937) has been determined in several experiments.’ 
(Purification of the enzyme by this procedure has, so far, been 
unsuccessful.) The enzyme preparation was dissolved in acetate 
buffer at 0.1 ionic strength, concentration approximately 1 per 
cent. In solutions of pH 3.7, 4.3, 4.5, and 4.7, only one strong 
boundary was found to migrate symmetrically to the cathode. 
The enzyme activity always accompanied this boundary. In a 
solution of pH 5.3, the protein solution no longer appeared to be 
homogeneous. One boundary appeared to move to the cathode 
and another one to the anode. Both fractions contained active 
enzyme material. From the speed of migration of the protein 
in solutions of varying pH, the isoelectric point of the enzyme in 
acetate buffer was estimated to be approximately pH 5. 


Effect of Oxidation and Reduction 


It was found that a number of oxidizing agents inhibit the 
activity of carbonic anhydrase. In Table I, the concentrations 


1The experiments were carried out in the Department of Physical 
Chemistry, Harvard Medical School, through the courtesy of Dr. Edwin 
J. Cohn and Dr. Ronald M. Ferry. 
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of the oxidizing agents which inhibited activity of the enzyme 
by 50 per cent are given. Some relation between oxidizing in- 
tensity and effectiveness as inhibitors is evident. Perchlorate 
and periodate, which are stronger oxidizing agents than chlorate, 
were stronger inhibitors. Chlorate was stronger than bromate, 


Taste | 
Inhibition of Carbonic Anhydrase by Different Oxidizing Agents 
The enzyme was dissolved in 0. 2 M phosphate, pH pH 7.0. 
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Fic. 1. The inhibition of carbonic anhydrase by iodine. Enzyme 
Preparation A in 0.2 m phosphate buffer, pH 7.0. 


and iodate, 0.02 mole per liter, did not show any inhibitory effect. 
The inhibition produced by different concentrations of iodine, 
one of the strongest inhibitors, is shown in Fig. 1. In all experi- 
ments, a concentration of enzyme Preparation A, which, in the 
absence of inhibitors, increased the rate of hydration 4 times, was 
used. Control experiments with oxidizing agents but without 
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enzyme had no influence upon the reaction. In all cases, the 
inhibition was found to be reversible by certain reducing agents 
when the contact between the oxidizing agent and the enzyme 
did not exceed 10 minutes. Reducing agents such as ascorbic 
acid, cysteine, or hydroquinone, restored the activity of the 
enzyme completely after inhibition by the oxidizing agent. When 
ascorbic acid was used, pH change was avoided by addition of an 
equivalent amount of alkali. The pH was checked with the glass 
electrode. In the concentrations used, ascorbic acid did not, of 
itself, affect the hydration of CO, to a measurable extent. 

In Fig. 2, a typical example of the reversible inhibition by iodine 
is given. The curves of comparable experiments with per- 
manganate are essentially the same as those presented for iodine. 

Several experiments were carried out with each oxidizing and 
reducing agent studied. The results of all comparable experi- 
ments were identical. The activity of the enzyme could be only 
partially restored after 2 hours contact with KMnQ,. With 
iodine, however, the inactivation was completely reversible even 
after 4 hours. Potassium ferricyanide, 0.01 m, did not inhibit 
the enzyme; nor did porphyrindin, a dye with a rather high 
oxidation-reduction potential (E’9 = +0.57 volt at pH 7.0) 
(Kuhn and Desnuelle, 1938), inhibit the enzyme in a concentra- 
tion of 0.002 mole per liter. 

Unfortunately, the effect of oxygen and hydrogen with Pt or 
Pd as catalyst on the activity of the enzyme could not be studied, 
as was done with phosphatase (Kiese and Hastings, 1938). Car- 
bonic anhydrase was completely inactive in the presence of 
platinized or palladium asbestos, or colloidal palladium. Ap- 
parently, the enzyme was adsorbed on the catalysts, since filtrates 
of solutions to which these catalysts were added were inactive. 

From the data in Fig. 2, it can be seen that in both the active 
and inactive state, the influence of the enzyme on hydration and 
on dehydration was the same. This was also true for incomplete 
inhibition of the enzyme by different concentrations of oxidizing 
agent, as illustrated in Fig. 3, when the enzyme was inhibited by 
different concentrations of permanganate. The hydration rate 
and the equilibrium pressure were measured. Within the limits 
of accuracy of the method, the same equilibrium was reached in 
the catalyzed and uncatalyzed reaction. It may also be men- 
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PRESSURE OF CO, in mmHg 


i 2 s 4 > 7 eS a 10 
TIME IN MINUTES 


Fic. 2. Reversibility of iodine inhibition of carbonic anhydrase by 
ascorbic acid. Enzyme Preparation A in 0.2 m phosphate buffer, pH 7.0. 
Hydration and dehydration were measured in the same solution. Arrows 
designate times of half hydration and half dehydration. X indicates un- 
catalyzed reaction; @, carbonic anhydrase alone; O, carbonic anhydrase 
inhibited by iodine (0.5 X 10-* mole per liter); A, carbonic anhydrase + 
iodine (0.5 X 10-* mole per liter) + ascorbic acid (0.01 mole per liter). 


PRESSURE OF CO, in mmHg 





a 120 “ereurite ° ° : ‘ 10 

Fic. 3. Partial inhibition of carbonic anhydrase by KMnO,. Enzyme 
Preparation A in 0.2 m phosphate buffer, pH 7.0.  X indicates uncatalyzed 
reaction; @, carbonic anhydrase alone; O, carbonic anhydrase inhibited 
by KMnO, in four different concentrations. The horizontal line inter- 
sects the curve at the points of half hydration. 
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tioned that the same result was obtained when the enzyme was 
inhibited by sulfide or cyanide. 

It may be concluded, therefore, that our experiments give no 
evidence that the hydration function of carbonic anhydrase can 
be inhibited to a greater or less extent than the dehydration 
function. 

Several reducing agents were tested for their effect upon car- 
bonie anhydrase. Ascorbic acid in a concentration of 0.1 m did 
not affect the enzyme; 0.05 m cysteine inhibited it slightly, but 
0.01 m was without any effect; 0.005 m anthraquinone-§-sulfonate 
had a very slight inhibiting effect in both the oxidized and re- 
duced state; phenosaphranine, 0.008 M, did not affect the enzyme 
in either the oxidized or reduced state.’ 


Influence of Hydrogen Ion Concentration 


A study of the relation of pH to carbonic anhydrase activity 
has been made. In the preceding paper, it was shown that the 
influence of pH on the catalytic effect of hypobromite and sulfite 
is quite different. 

Meldrum and Roughton (1934) observed that the catalytic 
effect of the enzyme upon the hydration was smaller at pH 10 
than at pH 7.6. Booth (1938) studying the effect of a carbonic 
anhydrase inhibitor in blood presented a curve for the activity 
of the enzyme in 0.2 m phosphate at pH 6.8 to 8.1. He found 
that the enzyme activity increased steadily from pH 6.8 to 8.1, 
being 6-fold larger at 8.1 than at 6.8. 

We have investigated the activity of the enzyme in the pH 
range from 6.1 to 10.1, employing phosphate, pyrophosphate, 
and carbonate as buffers. Typical results are given in Table IL. 
The concentration of the enzyme Preparation A, expressed in 
y per 100 cc., required to double the rate of hydration, has been 
determined at different pH values. At the same pH, the activity 
of the enzyme was practically the same in both phosphate and 


? It may be mentioned that the dyes, brom-thymol blue and phenol red, 
inhibited the carbonic anhydrase. Both dyes have been used in colori- 
metrie methods for the determination of carbonic anhydrase (Brinkman, 
1934; Philpot and Philpot, 1936). In a concentration of 10-* m, brom- 
thymol blue inhibited the enzyme activity about 50 per cent. Phenol red, 
in the same concentration, inhibited it to an extent of 10 to 25 per cent. 
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pyrophosphate. The optimal activity for the total hydration 
appears to be approximately pH 8. 

The hydration of CO, proceeds in two ways: CO, + H,O = 
H,CO;, and CO. + OH~ = HCO;-. At present, we cannot de- 
cide whether the carbonic anhydrase catalyzes both reactions. 
Some enzymes have different optimal pH values, depending upon 
the concentration of substrate. Within the limits of substrate 
concentration used in our experiments, no differences in optimal 
pH values were observed for carbonic anhydrase. Our measure- 
ments were made with two different substrate concentrations, 
namely an initial pressure of 100 mm. of COs, and 230 mm. of 


TasB_e Il 
Effect of pH on Over-All Rate of Hydration 


| Concentration of en- | 





pu ope mee | Bute 
of hydration 
g y per 100 cc. avy 
6.10 17.5 0.2, phosphate 
6.90 7.0 0.2, - 
7.05 7.0 0.1, pyrophosphate 
7.54 3.7 0.2, phosphate 
7.60 4.0 0.1, pyrophosphate 
8.10 2.3 0.1, - 
8.55 3.3 0.1, ” 
9.0 5.0 0.1, a 
9.3 6.3 0.1, arsenate 
10.1 18.0 0.1, carbonate 





CO, (all CO, in the gas phase), but no difference in the pH curves 
was found. 


Carbon Monoxide 


Meldrum and Roughton (1934) reported that carbon monoxide 
produced considerable inhibition of carbonic anhydrase. This 
inhibition was stronger in the dark than in the light. We re- 
peated these experiments with different results. 

Carbon monoxide was prepared by dehydration of formic acid 
by sulfuric acid. The gas was washed by an alkaline solution 
of hydrosulfite and anthraquinone-$-sulfonate, and stored in a 
reservoir. When drawn from the reservoir, the gas was bubbled 
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through the hydrosulfite solution, followed by strong sodium 
hydroxide to remove traces of sulfide from the CO. For experi- 
ments in the dark, the reaction chamber was painted black. 

The buffer solution with the enzyme was freed from gas by 
evacuation. The buffer-enzyme mixture was then saturated at 
a certain CO pressure and kept for different lengths of time. 
Without shaking, the vessel was then evacuated, the CO replaced 
by a mixture of CO and COs, and the rate of hydration measured 
as usual. 


mn 
40. 
sd. 


20. 





Nw 
8 


PRESSURE OF CO, in mmHg 





120. i 


Time IW minotes ° 


Fic. 4. Activity of carbonic anhydrase in the presence of carbon monox- 
ide. Enzyme in 0.2 m phosphate, pH 6.9. Curves 1 and 2 represent rates 
with two different amounts of carbonic anhydrase; O, without exposure 
to CO; +, with exposure to 800 mm. of CO for 5.5 hours; X, the uncatalyzed 
reaction. 


The CO pressure was varied from 200 to 1200 mm. of Hg and 
the time of exposure of the enzyme to CO, before the activity 
was measured, from 10 minutes to 12 hours. 

In a series of ten experiments, we did not observe any evidence 
of inhibition of the carbonic anhydrase. Fig. 4 shows one ex- 
ample of these experiments. We have no explanation for the 
difference between our results and those of Meldrum and 
Roughton. 

In view of the relation between activity and zinc content, 
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demonstrated by Keilin and Mann, carbon monoxide might be 
expected to have no effect on the activity of the enzyme. 


Sulfide and Cyanide 


Cyanide and sulfide were found by Meldrum and Roughton 
(1934) and Stadie and O’Brien (1933) to be strong inhibitors of 
carbonic anhydrase. Our experiments confirm these observations. 
We found even a higher sensitivity of our enzyme Preparation A 
to cyanide than Meldrum and Roughton describe. Table III 
summarizes the experiments on the inhibition by different con- 
centrations of sulfide and cyanide. The experiments were car- 


Taste III 
Inhibition of Carbonic Anhydrase by Cyanide and Sulfide 


0.2 m phosphate, pH 7.0. Enzyme concentration = amount necessary 
to accelerate uninhibited rate of hydration 4-fold. 














Concentration of cyanide or | Inhibition by cyanide | Inhibition by sulfide 
moles X 10° per I. per cent per cent 

0.1 18 

0.2 22 43 

0.5 | 40 78 

1.0 59 96 

2.0 70 

4.0 | 82 

10.0 92 
20.0 | 100 | 





ried out with a concentration of enzyme Preparation A which 
increased the hydration rate 4-fold. The enzyme activity was 
inhibited 50 per cent by sulfide, 0.23 xX 10-5 M, or cyanide, 
0.7 X 10-'m. Sulfide and cyanide are stronger inhibitors than 
iodine and permanganate, which required a concentration of 
5 X 10-5 mole per liter to inhibit the activity 50 per cent. Sul- 
fide and cyanide did not affect the uncatalyzed reaction. 


SUMMARY 


Experiments on the purification of carbonic anhydrase have 
been carried out and the properties of the enzyme preparation 
studied. 
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Hydration of CO, and dehydration of HCO; are influenced by 
the enzyme equally. The activity of the enzyme may be inhib- 
ited by a series of oxidizing agents and the activity restored by 
certain reducing agents. The effect of the inhibitors was shown 
to be the same on both the hydration and dehydration activity. 

The activity of the enzyme in relation to the hydrogen ion 
concentration was investigated over a range from pH 6.1 to 10.1, 
The rate of hydration by the enzyme was found to be optimal at 
pH 8.1. 

Carbon monoxide at pressures up to 1200 mm. of Hg did not 
inhibit the activity of the enzyme. In confirmation of others, 
we found sulfide and cyanide to be strong inhibitors of the 


enzyme. 
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The progress made in the field of biological oxidations during the 
last years has been of such a nature as to warrant application of 
the findings to studies on the metabolic behavior of tissues in patho- 
logical conditions. It is known now that, as a rule, oxidizable 
substances are first activated by the activating protein' (miscalled 
“dehydrogenase’’ by some authors); the activated substrate is 
then oxidized by a series of sluggish and electroactive reversible 
oxidation-reduction systems which transfer the electrons from 
the oxidizable substance to molecular oxygen (see Barron’s 
review (1)). In animal tissues the rate of these oxidations is 
regulated not only by those factors which influence the rate of 
single reactions, and those factors which determine the orientation 
of reactions, but also by the influence of hormones, the nature of 
which is still almost unknown. An alteration by a pathogenic 
agent of any of these factors may produce a reorientation of reac- 
tions, or a diminution or increase in the rate of reactions. The 
well known studies of Warburg (2), who showed the change in the 
orientation of reactions (the so called Pasteur reaction) that occur 
in cancer tissues, are a classic example. Barron (3) found that the 
tissues of Rous chicken sarcoma and of the infectious myxoma of 
the rabbit do not oxidize succinic acid, and that the tissues of 
animals inoculated with filtrable virus diseases oxidize it more 
slowly than normal tissues. Cross and Holmes (4) on studying 


‘The term ‘‘activating protein’? has been temporarily retained here 
until an agreement is reached on the confused nomenclature of the oxidation 
enzymes. 
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the effect of diphtheritic toxemia on the metabolism of liver slices 
of rabbits found the power to form extra carbohydrates in the 
presence of lactic acid, pyruvic acid, and alanine greatly reduced; 
they also found a diminution in the rate of oxidation of lactic 
and pyruvic acids. A decrease in the activity of fumarase was 
observed by Jacobsohn and da Cruz (5) in the liver of guinea pigs 
poisoned by CHC]. 

There is reported in this paper a study of the rate of tissue 
oxidations and carbohydrate synthesis in kidney slices from rats 
with experimental nephritis, the drug chosen for the production of 
nephritis being diethylene glycol, the effects of which have been 
thoroughly studied recently (Kesten, Mulinos, and Pomerantz (6), 
Cannon (7), Ruprecht and Nelson (8), Linch (9), Geiling and 
Cannon (10)). It is known that the energy necessary for the 
maintenance of the normal activities of the kidney, such as excre- 
tion, absorption, and modification of metabolites, is drawn from 
oxidation-reduction processes. In cases of impaired renal fune- 
tion, the oxidative enzyme systems may become altered and this 
alteration in turn may still further limit the ability of the kidneys 
to do work. Damage of the enzyme components responsible for 
oxidation and synthesis must be an important factor in the 
development of many diseases, and when more is known con- 
- cerning this problem the mechanisms operating in the production 
of pathological states will be better understood. 

In this paper it is shown that experimental nephritis is accom- 
panied with a diminution in the rate of oxidation of some metabo- 
lites and in the rate of carbohydrate synthesis. An attempt was 
made to discover which of the components of the oxidation en- 
zymes had been altered by the pathological process; it seems that 
the drug alters the activating proteins. 


EXPERIMENTAL 


Preparation of Animals—Young mature albino rats were grown 
on a diet which has been shown by Sherman and Campbell (11) 
to be completely adequate. The diet consisted of two-thirds 
whole ground wheat, one-third whole milk powder, and salt to the 
extent of 2 per cent of the weight of the wheat. Each litter of 
rats was divided equally into a control group and a group which 
received diethylene glycol. The drug was given orally in a 1:4 
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dilution twice daily in doses of 2 ce. per kilo of body weight. 
The treatment was continued until the animals became anuric, 
which generally took from 3 to 6 days. The course of the disease 
was also followed by continual determinations of non-protein 
nitrogen in the blood. 

Preparation of Tissue Samples—Slices of kidney for studies on 
both tissue respiration and synthesis of carbohydrate were taken 
from the central part of the kidney, the slice representing a cross- 
section of both cortex and medulla. Oxygen consumption and 
CO, production were measured with the usual Warburg-Barcroft 
manometers and Warburg vessels, each experiment being done in 
duplicate; those results which did not agree within 4 to 5 per cent 
were discarded. The slices were kept in the bicarbonate and 
phosphate solutions recommended by Krebs and Henseleit (12). 

Determinations—For the determination of carbohydrate synthe- 
sis, 80 to 100 mg. of kidney slices were placed in 25 ec. Erlenmeyer 
flasks containing 4 cc. of Krebs’ bicarbonate solution (pH 7.4) and 
0.02 m pyruvate. The flasks were stoppered with rubber stoppers 
and filled with an O2-CO, mixture (95:5) through injection needles 
which pierced the stoppers. The flasks were shaken continuously 
in a water bath at 38° for 2 and 3 hour periods, after which there 
was added 0.4 cc. of 2.5 Nn HCl. Total carbohydrate determina- 
tions were made on the tissue plus the fluid, by the procedure, with 
a few changes, of Benoy and Elliott (13), who adapted the method 
of Tsai (14) and West, Scharles, and Peterson (15) to small 
quantities. To each of the flasks containing the tissue and 4.4 ec. 
of fluid, 1.1 cc. of 5 Nn H,SO, were added. Digestion was carried 
out on the water bath for 3 hours. The tissue slices were broken 
up with a stirring rod after the first 15 minutes of heating and the 
stirring rod was washed down with a little 1 n H,SO,. The fluid 
was cooled and transferred quantitatively to a 25 cc. volumetric 
flask. 1 cc. of a solution of 30 per cent HgSO, in 10 per cent 
H,SO, was added to each flask. After diluting to the mark, the 
contents were poured into a 150 cc. Erlenmeyer flask. 10 minutes 
later 5 gm. of BaCO; were added. After the material had stood a 
second 10 minutes, with occasional shaking, the BaSO, and excess 
carbonate were removed by centrifugation. The solution was 
tested for neutrality with litmus paper and when necessary one 
drop of 20 per cent NaOH was added. 2 drops of a saturated 














296 Oxidations and Carbohydrate Synthesis 


solution of Na,SO, were also added at this point. Mercury was 
removed by adding 0.2 to 0.4 gm. of aluminum powder, shaking in 
a mechanical shaker for 30 minutes, and filtering. The final 
glucose determinations were carried out by the micromethod of 
Somogyi (16). 

For the determination of ammonia, the fluid was distilled by 
steam distillation according to the method of Parnas and Klisiecki 
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Fig. 1. Standard curve for colorimetric ammonia determination with 
the Pulfrich photometer. Total volume of nesslerized solution, 20 ce. 


(17). After nesslerization, the NH; was determined colorimet- 
rically with the Pulfrich photometer, the extinction coefficient 
being determined with Filter S-43. The use of the photometer 
allows accurate determinations on much smaller quantities of 
NH; than is possible with an ordinary colorimeter. As can be 
seen in Fig. 1, the extinction coefficient is strictly proportional to 
the concentration of nitrogen in the solution. The useful range 
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of determinations includes samples containing as little as 0.0025 
mg. of nitrogen, the quantities determined in this investigation 
varying from 0.079 to 0.0038 mg. It is necessary to make a 
standard curve for each batch of Nessler’s reagent and also to 
check the curve after the reagent has stood for 4 or 5 months. For 
example, a determination of 0.05 mg. of nitrogen with fresh 
Nessler’s solution gave a reading of E = 1.36; a year and a half 
later, the same amount gave a reading of 1.29. 

Diphosphothiamine was prepared from thiamine according to 
the method of Weijlard and Tauber (18), the thiamine having been 
generously furnished by Merck and Company, Inc., to whom we 
express our thanks. The lithium salts of lactic and pyruvic acids 
were prepared at the laboratory. The amino acids were obtained 
from Hoffmann-La Roche, Inc. Random samples of kidney were 
taken for microscopic examinations, which were kindly made by 
Dr. Louis E. Leiter. 

Oxidations Produced by Rat Kidney Slices (Normal and Ne- 
phritic)—The measurement of the oxygen consumption by 
kidney slices without added substrate proved of no value for 
distinguishing the normal kidney from the nephritic. As can be 
seen in Table I, the average Qo, values (c.mm. of O, uptake per 
mg. of dry weight per hour) in thirteen animals, normal and 
nephritic, were the same, 17.6 + 0.4. Measurements in the 
presence of glucose gave in the nephritic animals erratic and non- 
reproducible values, presumably because the metabolism of 
glucose requires the influence of a number of enzyme systems (of 
fermentation and oxidation) which may have been altered in 
different degrees with consequent reorientation of reactions not 
detectable by simple O, consumption measurements. For these 
reasons it was decided to study the efficiency of individual oxida- 
tion enzymes, limiting the study to those oxidations the mecha- 
nism of which is reasonably well understood. The substrates 
chosen were lactate and pyruvate, both important intermediate 
substances in the metabolism of carbohydrates; succinic acid, 
because the oxidizing enzyme succinoxidase seems to act as a 
catalyst for the oxidation of carbohydrates (von Szent-Gyérgyi 
(19)) ; choline, because it seems to affect fat distribution (MacLean, 
Ridout, and Best (20)); and the amino acids, dl-alanine and I- 
aspartic acid. The values quoted in Fig. 2 were obtained by sub- 





Tasie I 
Oxygen Consumption of Kidney Tissue Slices without Added Substrate 
Temperature, 38°; pH, 7.4; in Krebs’ phosphate solution. 
Control | 
Animal No. | O: consumption, Qo,+ Animal No. O: consumption, Qo,* aw 
a mer taas — — - stiiail ——— 


| 





Nephritic 











| mg. per cent 
aon 15.5 | es 17.6 
ag 15.9 | 4 20.6 
Rea 15.8 | 5 17.5 | 
3 21.6 6 12.9 
19 | 18.9 9 19.2 
26 17.5 a 15.8 | 
27 15.1 ll 13.8 | 151 
30 19.8 20 16.6 138 
33 19.7 21 17.5 
34 13.7 24 19.5 125 
39 19.4 28 16.1 125 
44 18.3 31 22.6 70 
48 17.8 Py ey 4 16.3 | 
45 20.7 | 155 
Average....... 17.6 + 0.4 17.6 + 0.4) 


| 





* C.mm. per mg. of dry weight of tissue per hour. 
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ASPARTIC ACID | d-!l ALANINE PYRUVATE LACTATE 
67% Decrease | 66% Decrease| 84% Decrease| 87% Decreose 





Fic. 2. The oxidation of various substrates by rat kidney tissue. Con- 
centration of substrate, 0.03 m; temperature, 38°; gas phase, 0; fluid, 
Krebs’ phosphate. The values shown are differences between the oxygen 
consumption in the presence and in the absence of a given substrate. Each 
column represents an individual animal. 
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tracting the oxygen consumption of the tissue alone from the 
value obtained with the tissue plus substrate. The ability to 
oxidize pyruvate and lactate was diminished considerably in the 
nephritic tissue, and in some instances was completely lost. Of 
particular interest is the loss of ability to oxidize pyruvate, since 
this substance seems to play an important réle in the metabolism 
of animal tissues, not only as an intermediate in the breakdown 
and synthesis of carbohydrates but also in the synthesis of amino 
acids. 

It is known that the mechanism of oxidation of amino acids is 
different for the naturally occurring amino acids and for their 
optical isomers (Krebs (21), Warburg and Christian (22), von 
Euler ef al. (23)). As an example of oxidation of naturally occur- 
ring amino acids, the oxidation of l-aspartic acid was selected; the 
oxidation of dl-alanine was taken as representing the oxidation of 
the non-natural form, because its oxidative deamination is about 
15 times as fast as that of the natural isomer (Krebs (21)). The 
rate of oxidation of both amino acids was decreased to about the 
same extent; namely, by 67 per cent in the oxidation of l-aspartic 
acid, and by 66 per cent in that of dl-alanine (Fig. 2). 

The rate of oxidation of choline was also greatly impaired, the 
decrease being about 87 per cent (Fig. 3). The oxidation of 
succinic acid was the least affected of all, the average decrease 
being about 24 per cent (Fig. 4). 

To determine whether diethylene glycol acted per se as an 
ordinary inhibitory agent of cellular oxidations or indirectly 
through continuous and slow action on the tissues, the effect of 
in vitro addition of the drug on the rate of oxidations of normal 
kidney slices was studied. The addition of diethylene glycol in 
concentrations as high as 0.1 m had no effect on the oxidation of 
lactate, pyruvate, or choline over periods of 1, 2, and 3 hours 
(Table II). It may be concluded that diethylene glycol is neither 
a specific inhibitor (such as HCN) nor a general inhibitor (such as 
narcotics). 

Anaerobic Oxidations with Ferricyanide As Oxidizing Agent— 
Having ascertained that some of the oxidative systems were 
blocked in the nephritic kidney, we next wished to discover if 
possible the enzyme component damaged by diethylene glycol. 
The oxidation of all the substrates studied in this paper requires 








WITH OXYGEN WITH FERRICYANIDE 


8-controt 
B- nephritic 


1.7) 060A 6.2 O08 52 AA 32.7 256 
LACTATE CHOLINE LACTATE CHOLINE 
97% Decrease 87% Decreose 73% Decrease 28% Decrease 





Fig. 3. The oxidation of lactate and choline by rat kidney tissue in the 
presence of oxygen and also in the presence of ferricyanide as oxidizing 
agent. Concentration of substrate, 0.03 m; amount of K;FeCNg, 0.2 ee. 
of 9.8 per cent in bicarbonate solution per vessel; temperature, 38°. The 
values are represented in terms of c.mm. of O; consumed or CO, evolved 
per mg. of dry weight of tissue per hour. The consumption of O, or the 
evolution of CO, by the tissue without added substrate was subtracted. 
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Fic. 4. The oxidation of succinate by rat kidney tissue with oxygen and 
with ferricyanide. Concentration of substrate, 0.03 m; amount of KsFeCNs, 
0.2 ce. of 9.8 per cent in bicarbonate solution per vessel; temperature, 38°. 
The values are represented in terms of c.mm. of O; consumed or CO; evolved 
per mg. of dry weight of tissue per hour. The consumption of O, or the 
evolution of CO, by the tissue without added substrate was subtracted. 
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the presence of a specific activating protein and a number of 
reversible oxidation-reduction systems. In some cases the latter 
may be replaced by reversible systems of potentials suitable to 
perform the oxidation; the protein, being specific, cannot be 
replaced. A convenient method of determining the activity of 
the protein, introduced by Quastel and Wheatley (24), consists 
in the use of ferricyanide as the oxidizing agent, the oxidation 
being followed manometrically in a bicarbonate solution with 95 
per cent N. and 5 per cent CO, as gas phase. Ferricyanide on 
being reduced liberates CO, from bicarbonate, the rate of CO, 
evolution being a relative measure of the rate of oxidation of the 
substrate. Preliminary experiments were performed to ascertain 


TaB.e Il 
Effect of Diethylene Glycol on Oxygen Consumption of Normal Kidney Tissue 
In Presence of Various Substrates 


Diethylene glycol concentration, 0.1 mM; temperature, 38°; pH, 7.4. The 
values are given in c.mm. of O: per mg. of dry weight of tissue per hour. 











Lactate, 0.08 = | Choline, 0.01 x | Pyruvate, 0,08 a 
i... fee ror 
| et ae | oot | Tae) oe |e 
hra. | | 
1 | 30.8 | 30.6 22.4 23.4 | 25.6 26.4 
2 | 8 | 624 | 422 | 43.9 54.2 55.3 
3 | 59.0 61.6 
4 | | | 72.6 | 76.9 | 








that NasFe(CN). at the concentration used in these experiments 
(0.0208 m) had no influence on the rate of oxygen consumption by 
kidney slices. As reported by Quastel and Wheatley in their 
experiments with liver slices, it was found that in the kidney also 
ferricyanide was unable to act as oxidizing agent in the anaerobic 
oxidation of pyruvate and alanine. In all the experiments the 
small CO, evolution produced by the tissues alone on addition of 
ferricyanide was subtracted. 

The rate of oxidation of lactate was decreased in the nephritic 
kidney to a large extent whether the oxidation was performed 
through molecular oxygen or ferricyanide (97 per cent inhibition 
in the oxidation by atmospheric oxygen, 73 per cent in the oxida- 
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tion by ferricyanide). On the other hand, there was a difference 
in the oxidation of choline: while there was a decrease of 87 per 
cent in the rate of oxidation of choline by atmospheric oxygen, 
the decrease was only 28 per cent when ferricyanide was used 
(Fig. 3). 

Fig. 4 shows the results obtained with succinate. The rate of 
its oxidation both by atmospheric oxygen and by ferricyanide was 
inhibited only slightly (23 per cent) in the nephritic kidney when 
compared to the rate of oxidation in the normal kidney. 

An interpretation of these findings must be made with caution. 
Lactate is oxidized in animal tissues by the action of the following 
components: protein, diphosphopyridine nucleotide, alloxazine, 
and the cytochrome system. Quastel and Wheatley (24) are of 
the opinion that ferricyanide reacts with reduced diphosphopyri- 
dine nucleotide (reduced by oxidation of lactate), since the rate of 
reduction increased on addition of this substance. Whether the 
inhibition found in nephritic kidney is due to direct action of 
diethylene glycol on the protein part of the complete enzyme 
system, as we believe, or is due to diminished concentration of 
diphosphopyridine nucleotide cannot be decided until the same 
experiments are performed after addition of diphosphopyridine 
nucleotide. An alteration of the activating protein seems to be 
the explanation of the experiments on the anaerobic oxidation of 
succinate. Its oxidation requires a protein and the cytochrome 
system; ferricyanide may replace the latter. The inhibition in 
the rate of oxidation of succinic acid was the same whether the 
succinate was oxidized via the cytochrome system (aerobic 
experiments) or via ferricyanide (anaerobic experiments). 

We can offer no explanation for the results with choline. The 
oxidation of choline seems to require an activating protein and the 
cytochrome system (Mann, Woodward, and Quastel (25)). Yet, 
the greater inhibition of the rate of its aerobic oxidation (87 per 
cent) than of its anaerobic oxidation with ferricyanide (28 per 
cent) would indicate that some other component besides protein 
and cytochrome takes part in the oxidation of choline by the 
kidney, a component which is altered in the nephritic kidney. 

Effect of Diphosphothiamine on Oxidation of Pyruvate by Nephritic 
Kidney—The opinion that diethylene glycol acts by altering the 
activating protein seems to find confirmation in the experiments 
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reported in Table III. It has been shown that the rate of oxida- 
tion of pyruvate is considerably decreased in nephritic kidney. 
The pyruvate oxidation system in animal tissues is made up of the 
activating protein, diphosphothiamine, alloxazine, and the cyto- 
chrome system. Addition of 50 micrograms of diphosphothiamine 
did not increase the extremely slow rate of oxidation of pyruvate. 

Synthesis of Carbohydrate by Nephritic Kidney—Benoy and 
Elliott (13) have shown that kidney slices are able to synthesize 
carbohydrate from a variety of substances. Good evidence that 
the product formed is glucose was given by Weil-Malherbe (26). 
Benoy and Elliott found that the rate of carbohydrate synthesis 
in the presence of pyruvate is much greater than in the presence of 


Taste III 
Effect of Pyruvate and Pyruvate Plus Diphosphothiamine on Oxygen Uptake 
of Nephritic Kidney Tissue 
Temperature, 38°; pH, 7.4. 
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20 4.7 4.7 5.0 
40 10.6 11.1 11.0 
60 16.1 16.5 16.3 
80 21.8 22.6 22.0 





lactate, acetoacetic acid, alanine, and other substances known to 
give rise to pyruvic acid in animal tissues. For this reason, 
pyruvate was chosen as the substrate for the synthesis of carbo- 
hydrate in the nephritic kidney. Since the oxidation of this 
substance is greatly impaired in the nephritic kidney, it was reason- 
able to assume that the same impairment would be found in the 
rate of synthesis. As can be seen in Table IV, the rate of synthesis 
of carbohydrate was considerably inhibited in the nephritic 
kidney. In three normal rats the kidney synthesized in 3 hours 
from 1.38 to 2.7 times the original amount of carbohydrate; the 
kidneys of three nephritic animals synthesized in the same time 
only from 0.11 to 0.49 times the original amount. 

Formation of Ammonia from Amino Acids—In a study of 
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nephritic human kidneys, Krebs (27) found a marked decrease in 
the ability of the tissue to form ammonia from amino acids. The 
same findings were obtained by von Leévey (28) in a study of 
experimental nephritis produced by uranium nitrate in rats. 
Parallel with the study of the oxygen consumption of kidney slices 
in the presence of amino acids, a determination was made at the 
end of the experiment of the formation of ammonia in the fluid in 


TaBLe IV 
Synthesis of Carbohydrate by Rat Kidney Slices in Presence of 0.02 m Pyruvate 


The values are given in mg. of glucose per 20 mg. of dry weight. Tem- 
perature, 38°; pH, 7.4. 


| Placed in | Incubated3 | Incubated | Incubated 
| Animal No. HSO, | hrs. without 2hrs. with | 3 hrs. with 








immediately pyruvate pyruvate pyruvate 

Control 38 | 0.35 0.34 0.65 0.99 
46 0.43 0.45 0.73 1.07 

49 0.44 0.36 0.97 1.33 

Nephritic 45 | 0.37 0.37 | 0.48 0.55 
43 0.39 0.42 0.50 0.60 

42 0.33 0.45 0.65 0.50 

TABLE V 


Ammonia Formation by Rat Kidney Slices during Tissue 
Respiration Experiments 





NH: formation per mg. dry weight of 
tissue per hr. 








Substrate Eh ot ee 

Control Nephritic 
| —_ c.mrt. 
is 23a nd 2.1 1.2 
l-Aspartic acid, 0.03 mu. apiaes 4.8 2.5 
dl-Alanine, 0.03 M............... ' 11.2 8.6 





which the tissue slices had been suspended. For comparison with 
tissue respiration experiments, the quantities of ammonia are ex- 
pressed in terms of ¢.mm. per mg. per hour (17 mg. of NH; = 
22,400 c.mm.). Table V shows that the ammonia formation by the 
nephritic kidney was considerably decreased in the presence of 
both l-aspartic acid and dl-alanine. 

Pathological Findings—Dr. Louis E. Leiter found in all the 
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samples of kidney marked hydropic degeneration of the cortical 
tubules with more or less extended necrosis of the proximal convo- 
luted tubules, frequent dilatation of the loops of Henle, and hyaline 
casts in the collecting tubes of both cortex and medulla. Nearly 
all the glomeruli showed distended capsular spaces, sometimes 
with protein precipitation and swelling of the capillary walls. 
The microscopic findings of Dr. Leiter were accompanied by the 
alterations in metabolism reported here. It may be pointed out 
that Rat 32, the kidney of which was unable to oxidize lactate, 
presented more extensive microscopic lesions than Rat 37, in which 
there was some oxidation (80 per cent less than normal). The 
same differences were observed in the extent of lesions found in a 
rat with no oxidation of choline and a rat in which there was some 
oxidation (64 per cent less than normal); also in a rat the kidney 
of which had almost lost the ability to synthesize carbohydrate 
and one in which there was left greater power of synthesis.2 A 
closer comparison of the degrees of anatomical and functional 
alterations would have required the use of animals in the different 
stages of nephritis. 


SUMMARY 


Kidney slices from rats made nephritic by ingestion of diethylene 
glycol showed a marked decrease in the ability to oxidize lactate, 
pyruvate, choline, succinate, and the amino acids, dl-alanine and 
Laspartic acid. In the nephritic kidney the rate of oxidation of 
lactate and succinate by oxygen and by ferricyanide was inhibited 
to about the same extent, an indication that the drug acts by 
altering the activating proteins of the oxidizing enzymes. The 
rate of synthesis of carbohydrate, as well as of the formation of 
ammonia from the oxidative deamination of amino acids, was also 
greatly inhibited. Jn vitro addition of diethylene glycol to normal! 
kidney slices produced no inhibition of the rate of oxidation of 
those substances mentioned above. 
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* A complete report of Dr. Leiter’s findings together with the metabolic 
studies will be sent to those interested. 














306 Oxidations and Carbohydrate Synthesis 


— 


ovtvon 


BNE RY NB 


. Barron, E. 8. G., J. Exp. Med., 55, 829 (1932). 
. Cross, M. C. A., and Holmes, E., Brit. J. Exp. Path., 18, 370 (1937). 
. Jacobsohn, K. P., and da Cruz, A., Bull. Soc. chim. biol., 20, 1206 


(1938). 


. Kesten, H. D., Mulinos, M. G., and Pomerantz, L., Arch. Path., 27, 


447 (1939). 


. Cannon, P. R., J. Am. Med. Assn., 109, 1536 (1937). 

. Ruprecht, H. A., and Nelson, I. A., J. Am. Med. Assn., 109, 1537 (1937). 
. Linch, K. M., South. Med. J., 31, 134 (1938). 

. Geiling, E. M. K., and Cannon, P. R., J. Am. Med. Assn., 111, 919 


(1938). 


. Sherman, H. C., and Campbell, H. L., J. Nutrition, 2, 415 (1930). 

. Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 

. Benoy, M. P., and Elliott, K. A. C., Biochem. J., 31, 1268 (1937). 

. Tsai, C., Chinese J. Physiol., 1, 91 (1933). 

. West, E. 8., Scharles, F. H., and Peterson, V. L., J. Biol. Chem., 82, 


137 (1929). 


. Somogyi, M., J. Biol. Chem., 117, 771 (1937). 

. Parnas, J. K., and Klisiecki, A., Biochem. Z., 173, 224 (1926). 

. Weijlard, J., and Tauber, H., J. Am. Chem. Soc., 60, 2263 (1938). 

. von Szent-Gyérgyi, A., Studies on biological oxidation and some of its 


catalysts, Leipzig (1937). 


. MacLean, D. L., Ridout, J. H., and Best, C. H., Brit. J. Exp. Path., 


18, 345 (1937). 


. Krebs, H. A., Z. physiol. Chem., 217, 191 (1933); Biochem. J., 29, 1620 


(1935). 


. Warburg, O., and Christian, W., Biochem. Z., 298, 150 (1938). 
. von Euler, H., Adler, E., Giinther, G., and Hellstrém, H., Z. physiol. 


Chem., 264, 61 (1938). 
Quastel, J. H., and Wheatley, A. H. M., Biochem. J., 32, 936 (1938). 
Mann, P. J. H., Woodward, H. E., and Quastel, J. H., Biochem. J., 
32, 1024 (1938). 


. Weil-Malherbe, H., Biochem. J., 32, 2276 (1938). 


Krebs, H. A., Klin. Woch., 11, 1744 (1932). 


. von Leévey, F., Biochem. Z., 276, 265 (1935). 





a +> >, +S —lCcr Ur OOO DP Fl * 8 Oe ee Oe 











THE BIOLOGICAL SYNTHESIS OF HIPPURIC ACID 
IN VITRO* 


By HENRY BORSOOK anp JACOB W. DUBNOFF 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 


(Received for publication, November 8, 1939) 


The mechanism of the synthesis of hippuric acid in vivo is in- 
teresting from several points of view. There is the intrinsic 
interest in a compound found in the urine of many animals, an 
interest which is heightened by the use of the rate of hippuric 
acid excretion following the administration of benzoic acid as a 
clinical test of liver function. This synthesis is interesting also 
from the point of view of physiological energetics. The formation 
of hippuric acid from glycine and benzoic acid is attended by a 
gain in free energy (Table 1). In other words the tendency of 
the reaction, if allowed to proceed spontaneously at 25° or 38°, 
is not toward synthesis but toward practically complete hydroly- 
sis of hippuric acid (Table III). Yet when benzoic acid is fed, 
hippuric acid is rapidly synthesized. This synthesis also occurs 
and can be measured, as shown below, when liver slices are 
suspended in Ringer’s solution containing low concentrations of 
benzoic acid and glycine. More than half the benzoic acid is 
converted to hippuric acid. From the thermodynamic data it 
may be deduced that the enzymatic synthesis of hippuric acid 
cannot be simply the reverse of its hydrolysis. The hydrolysis 
can proceed spontaneously; the synthesis must be coupled with 
an energy-yielding reaction. 

Another, possibly more important, point of interest is that the 
synthesis of hippuric acid resembles in several respects the synthe- 
sis of the peptide bond. The group which is formed, the CONH 


* An account of most of the work described here was read at the meeting 
of the American Society of Biological Chemists at Toronto, April, 1939 
(Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 128, p. exiv (1939)). 


307 








eonm f= — = | ’ wa = wry ew~ ” we 





“PUBTOYJOOS AFLATPOY » 








| | | | | | ‘ost ‘9s — | \-(pmby) 10784 
| OLF‘8L— | 18° |006‘E8— joste — 6080°0 ze80"0.000‘98- "prow ounddry 
| | | | 989'28— \St8— | 46°0 | 192° F/098°98— | Po 

8 S2ze—| G2 [OLIZ— SE9°6h— | OZ" [OZ9‘SS— 086T | GOHO'O \9Z40'0 009‘ Z¢— _s plov o1ozueg 


o88 4V 





069‘9¢— joze‘89— zo'st |“ (PMbyy) 4078 





2 | | 066‘08— | I8°€ [06T'98— l09ez | 2810°0 |g0z0'0.0ge's8— Oz8‘SFI—| Z'6LT,*'” PIO’ oLNddy 
2 Ost ‘68— \099— | 46°0| Se°€00e'S8— OFZ‘9zI—|20'S2 | euToATD 
= 11Z OL1e—| 98 OFOZ— OLI‘IS— | 02'F (006 ‘9¢— 0ST%Z  L920°0 0820 °0,0¢0 ‘6S — 012 ‘26 — | T°SST|" PPPs osueg 
= | | aapon | | 
TR 8a1.40;09 enusopoo | sansoqoo | soruoj2 | #4000 | looot wed) stay | sauomo | “mb | 
| | | | | sajou | | 
a>) 
‘S on —EEE —_ _ —— —_ —— —_ — a —— — —_——— eS 
a 28% IV 
2 se) os! = s | om | 3s | os | @ | = sO : 
S xe bg | > ba beg | BY beg | 3 | ene | 3 | Be es | | 
= PE | a | re = eo 5 | ere & gE 4 i -°@ y om | 
= Foe iar | 8 78k | & | teh | dg | ese) EG | oS | OCS | 
S Big iae| ge) tele lee led | et) mele |] 
x ee | Bg £2 ag Fe : A hes | g FF "17 | 
é | <5 e | Sz | cE | i - 'E | . | £ | eounysqng 
5 | 5 3 * eg = oa 5 | z | | ion 
de Ther ee acl eB = & ©. 5 Bs 5 o | 
(sprow o1ozueq |  (sprow o1ozu0q ~ 22 eo) ee ge | r a 4 
puvounddry | puvownddy | 2 | g, = = | sy a» | 
peywoossipun) |pezuor) eywozueq| = & = | | es | | z “a 
asta tan? | 2 | ge gh 3 st | 
-urswssjorpayy | sysjoupAY | SS | 52 | §&8 . | * 








308 


ausohy + poy oo2ueg — .990M + ploy sunddry ‘uoysvey fo yunjsu0g wniaquyinbg fo uoynynang sof nog — 
] @1avy, 












H. Borsook and J. W. Dubnoff 309 


group, is the same, and it is in the @ position to a carboxyl group. 
The free energy of formation of the hippuric acid bond is of the 
same order of magnitude as of the peptide bond (Tables II and 
III). From the energetic point of view they are uphill tasks of 
the same order of magnitude. 
































TasB.e II 
Data on Free Energy of Hydrolysis of Peptide Bond (Solid State at 25°) 
| Free energy of formation of 
jsincsirilorsicielhlall Salil erat aes = Fone se 
| | Ami y 
Substance Pests | Water, cid, , “dra 
ptide, | AF® | beupme eet (hydrol- 
-” | (liquid) | Deptide, - ysis) 
calories | calories | calories | calories | calories 
Glycylglycine............| ~117,750, —56,690 —88,500 —88,500| —2560 
Alanylglycine............. —116,910) —56,690| —88,740, —88,500 —3640 
di-Leucylglycine.........| —112,110) —56,690| —83,260 —88,500, —2960 
Hippuric acid........... —88, 550) — 56,690, —59,050, —88,500, —2310 
Hippurylglycine......... — 118,080) — 56 , 690) —88, 550) —88, 500) — 2280 
Taste III 
Data on Free Energy of Hydrolysis of Peptide Bond in Aqueous Solution 
at 25° 
uilibrium 


Free energy of formation of neutral 
molecules of 


Free of hydrolysis, 
We pe 


Substance 





| Peptide, Water, ‘Alanine | Glycine, 


| A 0° (or | | AFe 
| (aqueous) | (liquid) | acid. Fi) | (aqueous 





*yinaeeay 
F 





=a _ |__| —___..| 
lori | lori | lori. | lori 

Alanylglycine.. — 117,560) —56,690 —89, 100) —89, 150 — 4000) 866 99.99.99. 88 

Hippuric acid... —86,190 —56,690| — 56,900 —89, 150 —3170 211 99.95199.55 


| 





: 





For these reasons we have begun a study of the mechanism of 
the biological synthesis of hippuric acid. The use of the whole 
animal, whether operated on or not, is too cumbersome and slow. 
The tissue slice technique of Warburg (1) seemed to be better 
suited to this purpose. A micromethod was necessary for measur- 
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ing very small quantities of hippuric acid. One was devised by 
means of which it is possible to measure as little as 2 X 10-* mg. 
We were then able to measure the synthesis of hippuric acid 
effected by tissue slices in the course of a few hours from dilute 
solutions (0.0025 m) of benzoic acid and glycine. 

A survey was made of the distribution of the capacity for syn- 
thesizing hippuric acid among the tissues of several animals, 
The availability of different amino acids for this synthesis and 
the effect of poisons and damage to cell structure have been 
studied. These findings, the thermodynamic data, and a descrip- 
tion of the technique and analytical method employed are de- 
seribed in the present communication. 


Thermodynamic Data 


We have described in previous communications both the gen- 
eral principles and the details of calculating equilibrium constants 
from thermal data (2-4). We shall therefore present here only 
the necessary data and the final results of the calculations. The 
values for the free energy of formation at 38° were calculated 
from the values at 25° by means of the van’t Hoff equation, on 
the assumption that AH is constant over the temperature interval 
from 25-38°. 

The thermodynamic data in Tables I to III are based on 
measurements of heat capacities and heats of combustion made 
in this laboratory by Dr. H. M. Huffman. The details of this 
work have not yet been published, though one compilation of 
part of these data has been published (5). The thermal data in 
Table I differ from those given in this previous compilation. The 
differences are formal only, and arise from a change in the ac- 
cepted value for the heat of combustion of benzoic acid. The 
values for the heat and free energy of formation of liquid water 
at 25° are those of Rossini (6). 

The solubility of benzoic acid was obtained from Seidell (7). 
The value at 25° agrees closely with that determined later by 
Kolthoff and Bosch (8). The solubility of glycine at 25° and 38° 
as well as the activity coefficient in the saturated solution are 
taken from Schmidt (5). We have assumed that the activity co- 
efficient at 38° is the same as that determined experimentally at 
25°. The possible error involved is negligible for our present 
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purposes. We have ourselves determined the solubility of hip- 
puric acid at 25° and 38°. Our value at 25° is identical with that 
given by Kendall (9). 

A number of determinations have been reported of the thermo- 
dynamic ionization constant of benzoic acid. The most reliable 
and concordant value is that obtained at 25° by Brockman and 
Kilpatrick (10), and by Saxton and Meier (11). The value for 
the thermodynamic ionization constant of hippuric acid we have 
used is that given by Josephson (12). 

There are no reliable values for the ionization constants of these 
two acids at 38°. The values we have used are the experimental 
values at 25°. This seemed preferable to guessing the change 
in the ionization constants with temperature. It is exceedingly 
improbable that the difference between the ionization constants 
of the two acids is, for our purpose, significantly different at 38° 
from what it is at 25°. It is the difference in the ionization con- 
stants which contributes to the final over-all change in free 
energy. These ionization constants were used to compute the 
ionization of the two acids in their saturated solutions. 

The equilibrium constant for the hydrolysis of hippuric acid 
in water has been measured experimentally at 184° and 194° by 
Ingersoll and Burrows (13). The temperature difference is too 
small, and uncertainties regarding degrees of ionization and 
activity coefficients at these temperatures too great, for a reliable 
extrapolation of the equilibrium constant from the higher tem- 
peratures to 25°. Without any corrections, the extrapolated 
value at 25° for the reaction between neutral molecules is 546, 
which corresponds to a value of AF of —3735 calories. The more 
reliable value calculated from the thermal data is —3170 calories. 
The agreement is surprisingly close. 

The findings on the enzymatic hydrolysis of hippuric acid are 
in complete accord, as far as they go, with these thermodynamic 
data. Thus Mutch (14) prepared an extract of hog kidney which 
hydrolyzed 0.08 n hippuric acid 97 per cent in 255 hours at 37°. 
The hydrolysis was prevented from being compiete by the inhi- 
bition of the enzyme, demonstrated by the same author, by the 
accumulating benzoic acid. A saturated solution of sodium 
benzoate and glycine set away with the enzyme for 1 month at 
37° yielded a small amount of impure, unidentified material, which 
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at the most, had it been hippuric acid, would have amounted to 
0.6 per cent conversion of the benzoic acid to hippuric acid, 
Kimura (15) obtained complete hydrolysis of hippuric acid with 
a glycerol extract of hog kidney. Takahashi (16) found nearly 
complete hydrolysis when sodium hippurate was incubated with 
an aqueous suspension of minced chicken kidney. He recovered 
in one experiment 81 per cent of the theoretical benzoic acid and 
90 per cent of the amino nitrogen freed. 


Technique 


Most of the animals used in these experiments were Wistar 
Institute adult white rats. When other animals were used, the 
technique was the same. The animals were all in a normal state 
of nutrition, and were killed by stunning. The organs were sliced 
free-hand with a straight edge razor. A well sharpened straight 
edge razor is a better tool for slicing than any safety razor blade 
we have tried. 

The slices were rinsed in Ringer’s solution prepared according 
to the formula of Krebs and Henseleit (17), containing 0.2 per 
cent glucose, and equilibrated at 38° with a gas mixture consist- 
ing of 95 per cent oxygen and 5 per cent carbon dioxide. Each 
slice was rinsed immediately after being cut and then trans- 
ferred to the reaction vessel. 

Since we were not interested in the respiration of the slices, 
we have been using 25 ml. bottles as reaction vessels instead of 
Warburg respirometers. Into these are fitted 2-hole rubber stop- 
pers provided with inlet and outlet tubes for the passage of the 
gas mixture. The inlet tube reaches half-way into the bottle. 
It is connected to a glass manifold, which in turn is connected to 
a cylinder containing the gas mixture. The flow of gas through 
each reaction vessel is regulated by means of a screw-clamp. One 
end of the outlet tube in the reaction bottle is flush with the 
bottom of the stopper; the other end passes through a ring seal 
into a glass bulb which contains water and has a hole near the 
top. The bubbling of the gas through the water in this bulb en- 
ables one to estimate the rate at which the gas mixture is passing 
through the reaction vessel. 

Twenty-four such reaction vessels are clamped on three strips 
of wood in such a manner that the lower half of each vessel is 
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immersed in the water bath. These strips are attached at each 
end to an upright strip which is mounted on the usual rocking 
device for Warburg respirometers. 

When all the reaction vessels are in place and connected, the 
gas mixture is blown through vigorously for 10 minutes, after 
which, for the remainder of the experiment, the gas is slowed 
down so that about one bubble escapes in the traps about every 
2seconds. Throughout the period of gassing and afterwards the 
vessels are rocked at a rate of about 90 cycles per minute. The 
temperature of the water bath was 38°. 

This arrangement is much cheaper and more convenient than 
the usual all-glass respirometer assembly; it is more rugged, and 
serves quite as well. 


Analytical Procedure 


The method employed for the analysis of hippuric acid is in 
principle the classical method of extraction, hydrolysis, and formol 
titration of the liberated glycine. The extraction apparatus is 
shown in Fig. 1. Bulb C in which the extraction occurs is filled 
with solid glass beads 3 mm. in diameter to increase the ether- 
water interface. The receiver D is a test-tube attached by a 
ground glass joint to the extractor. During the extraction D 
rests in a water bath at 75°. Fitting into A is a Hopkins con- 
denser. D and A have the same diameter, so that the condenser 
will fit as snugly into it as it does into A. D is about 4 em. 
longer than A, so that the condenser will not reach too far down 
when it is used as a reflux condenser in the hydrolysis of the hip- 
puric acid which has been extracted. The tube B. must be tall 
enough to carry a column of ether which can overcome the hydro- 
static pressure of the water in the lower part of C and the layer 
of ether above it. 

The analytical procedure is as follows: Proteins are removed 
by boiling or by precipitation with trichloroacetic acid (final 
concentration 2 per cent). 2 ml. of protein-free solution acidi- 
fied to pH 1.5 to 2.0 with H,SO, are pipetted into B. Ether is 
pipetted into B until enough has overflowed from C to a depth of 
about 1 inch at the bottom of D. The condenser A with water 
running through it is then inserted, and the temperature of the 
bath in which D is held is raised to 75°. The other parts of the 
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extractor are at room temperature. The extraction proceeds for 
4 hours. The extractor is then withdrawn from the receiver D, 
from which the ether is then evaporated off. D is then removed 
from the bath to an adjacent hot-plate and its position adjusted 
so that the bottom is about 1 mm. above the hot-plate. 1 ml. of 
concentrated HCl is pipetted into D, the condenser inserted, and 
the heater adjusted so that the HCl boils gently. The hydroly- 
sis is carried on for 2 hours. At the end of this time D is again 

















Fic. 1. Apparatus for extraction and subsequent hydrolysis of hippuric 
acid. A, Hopkins condenser; B, tube; C, extracting chamber filled with 
solid glass beads 3 mm. in diameter; D, receiver. 


immersed in a boiling water bath, and the HCI and volatile acids 
driven off with the aid of a moderately strong current of air, 
until a piece of moistened Congo red paper held over the top no 
longer turns blue. The residue in D is now dissolved in 2 ml. of 
water and shaken for a few minutes with permutit to remove any 
ammonia. After centrifuging, a formol titration is carried out 
on 0.25 ml. aliquots by the method described in a previous pub- 
lication (18). The size of the aliquot may be adjusted accord- 
ing to the amount of hippuric acid present. 
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It is possible by this procedure to measure as little as 2 to 5 
y of hippuric acid in an aliquot titrated. Tested on known 
amounts of hippuric acid, the recovery was uniformly about 85 
per cent. Since macromethods yield only 90 to 95 per cent, the 
above submicromethod may be considered as tolerably satis- 
factory. It is sufficiently accurate for our present purposes. 


Results 


Table IV is a summary of our findings on the synthesis of hip- 
puric acid by slices of liver and of kidney of the dog, guinea pig, 


Taste IV 


Formation of Hippuric Acid from 0.0025 m Benzoic Acid and 0.01 m Glycine 
by Slices of Liver and Kidney of Different Animals, at 38° in 6 Hours 


Tissue dry weight, 30 to 50 mg. in 4 ml. of solution. 











! 























Liver Kidney 
| |Percent) Per cent 
| Qchip~ | initia | Qchip- | initial 
acid) seid con- acid) seid con- 
verted verted 
Par eee 
Dog........| 0 o0 |o | o | 18} 65.| 0.94 | 65 
Guinea pig... 1.34 7.6 0.59 | 76 | 0.938 | 5.3 | 0.41 53 
Rabbit......| 1.34 7.6 0.59 | 76 1.04 5.9 0.47 59 
mat.........] 1.04 5.9 0.35 59 | 0.33 1.8 0.12 18 





rabbit, and rat. They are in complete accord with the findings in 
intact animals. 

Von Bunge and Schmiedeberg (19) were the first to show that in 
the dog synthesis of hippuric acid occurs in the kidney, and fur- 
ther that in this animal the kidney is the only site of this synthe- 
sis. Both conclusions were confirmed by Snapper et al. (20) and 
by Quick (21). 

In the rabbit and probably most other animals synthesis of 
hippuric acid is not restricted to the kidney. The question was 
left unsettled in experiments on the whole animal whether or 
not any hippuric acid synthesis can occur in rabbit kidney (22, 
23). Hippuric acid synthesis in rabbit liver was proved by Fried- 
mann and Tachau (24) by isolation of hippuric acid after perfu- 
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sion of the liver with benzoate and glycine. Snapper et al. found 
in perfusion experiments that the kidney of man, pig, and sheep 
can synthesize hippuric acid. In view of this finding the clinical 
interpretation of the rate of excretion of hippuric acid following 
the ingestion of sodium benzoate as a measure of liver function 
calls for some caution. That it can be used at all as a test of liver 
function indicates that hippuric acid synthesis probably occurs in 
human liver as well as kidney. The ability of the liver of the 
sheep and pig to carry out this synthesis remains to be inves- 
tigated. 

The concordance between the findings in the whole animal and 
with tissue slices attests to the reliability of the information ob- 
tained with the latter technique. This technique is far superior 
to experiments on the whole animal or perfusion experiments with 
respect to convenience, the possibility of setting up blank con- 
trols, and of testing a variety of experimental conditions on the 
identical specimen of the organ. The efficiency of the tissue in 
the slices is of the same order as in perfusion experiments. Thus 
the Q(hippurie acid) by dog kidney slices in Table IV is 0.94; 
in perfusion experiments it was 0.77 and 0.25 (20, 25). — 

The synthesis of hippuric acid in rat liver slices is a relatively 
slow reaction compared with the synthesis of urea (17) or of amino 
acids (26) (Table V). The rate is, on the other hand, faster than 
the conversion of glycocyamine to creatine.! 

The slowness with which hippuric acid is synthesized in rat liver 
slices is compensated for to some extent by the continuation of 
the reaction with small diminution in rate for at least 6 hours. 
This is shown in Table VI. The progressive falling off in rate is 
probably the result of lessening vitality of the slices and diminish- 
ing concentration of benzoic acid. 

There appears to be an upper limit to the amount of hippuric 
acid synthesized under our experimental conditions. When more 
and more tissue is added to the reaction vessel, a point is reached 
at about 35 mg. of dry weight of tissue at which more tissue does 
not effect the conversion of more benzoic acid (Table VII). 

The rate of synthesis expressed as a fraction of the original 
amount of benzoic acid is nearly the same with initial concentra- 


1 Borsook, H., and Dubnoff, J. W., J. Biol. Chem., in press. 
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TABLE V 


Speed of Formation at 38° of Hippuric Acid from 0.006 m Glycine and 0.0025 
m Benzoic Acid Compared with Formation of Other Substances 
by Rat Liver Slices 


amount formed computed as if gas in c.mm. (s.T.P.) 
dry weight of tissue in | mg. x hrs. 








s 
Glycine and henleabs acid — Kewinds Sei asstven~ ance | 0. 3 - - 1.0 
Giyeocyamine — creatine®..........................00:: | 0.05 
CO, + 2NH, — urea.t Without ornithine........... 1 -4 
With ornithine..............5+0 ¥ 7 -15 


NH, + pyruvic acid — amino acid. ES Oke 7 ow S 








* Borsook, H., end Dubnoff, J. W. J. ‘Biol. Chem., in press. 
+t Krebs and Henseleit (17). 
t Neber (26). 


TaBLe VI 


Variation with Time of Rate of Synthesis of Hippuric Acid by Rat Liver 
Slices from 0.0025 m Benzoic Acid and 0.01 m Glycine at 38° 


Tissue dry weight, 24 to 38 mg. in 4 ml. of solution. 














Time Per cent of initial bensoie | @(hippurie acid) 
— we I es eB os 
2 32 1.03 
4 47 0.88 
6 67 0.80 
8 | 69 0.60 
Taste VII 


Dependence of Rate of Synthesis of Hippuric Acid on Amount of Liver Used 
in 6 Hours at 38° from 0.0025 m Benzoic Acid and 0. Ol Mm u Glycine 








Derick | Premigtionlame | caivouieasa 
mg. 
9 29 1.3 
65 63 0.37 
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tions of benzoic acid ranging from 0.005 m to 0.00125 m (Table 
VIII). At 0.01 m the fraction converted is less than at the lower 
concentrations, but 0.01 m benzoic acid can hardly be considered 
toxic because the highest value of Q(hippuric acid) was obtained 
with this concentration of benzoic acid. The absolute amounts 


TaBLe VIII 


Rate of Hippuric Acid Synthesis from Different Initial Concentrations of 
Benzoic Acid and 0.01 m Glycine in 6 Hours at 38° 


Tissue dry weight, 54 to 80 mg. in 4 ml. of solution. 








Initial conoentration of Per cent of initial amount enininadi 
moles perl. ES re 7 
0.01 20 | 0.55 
0.005 53 0.49 
0.0025 61 0.31 
0.0017 59 0.16 
0.00125 52 0.12 
a : — . _— 7 
’ TasBie IX 


Rate of Hippuric Acid Synthesis from Different Initial Concentrations of 
Glycine and 0.0025 mu Benzoic Acid in 6 Hours at 38° 


Tissue dry weight, 125 to 150 mg. in 4 ml. of solution. 














Initial —— of Per onal of EERE, Rgneate Q(hippurie acid) 
moles per |. 
0.02 73 0.16 
0.01 67 0.16 
0.005 52 0.12 
0.0025 41 0.09 
0.00125 32 | 0.07 





of hippuric acid synthesized grow less with decreasing initial 
concentrations of benzoic acid. 

A somewhat similar relation exists between the rate of hippuric 
acid synthesis and the initial concentration of glycine (Table IX). 
The low Q(hippuric acid) values are the result of having employed 
unnecessarily large amounts of tissue (see Table VII). 

We have tested a number of amino acids for their ability to 
combine with benzoic acid in rat liver slices (Table X). The most 
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rapid combination occurred with glycine. A large scale experi- 
ment was carried out with benzoic acid and glycine and the hip- 
puric acid formed was isolated. The yield on isolation was 75 
per cent of that indicated by titration. It was proved to be 
hippuric acid by melting point determination, 187° (corrected), 
mixed melting point, and by electrometric titration. A 0.2805 
ml. aliquot of a solution of 44.6 mg. in 25 ml. of water was neu- 
tralized by 74.1 ml.-* of 0.0375 Nn NaOH; theoretical titer, 74.5 
ml,~*. 
TABLE X 

Synthesis of Hippuric Acid by Rat Liver Slices from Benzoic Acid and Dif- 


ferent Amino Acids in 6 Hours at 38° Compared with Amount Obtained 
with Glycine in Simultaneous Experiments from Same Lobe of Liver 


Benzoic acid initially 0.0025 m; amino acid 0.01 m. 











wer aout ee” a 

Amino acid — Amino acid | a. 

sized with i wit 
glycine | gl 
IN 5% ccd bee a nende cabin | O | d-Lysine............... | 0 
@Arginine...................| 0 | dl-Methionine............| 0 
L-Aspartic acid.............. 0 | d-Ornithine.............. 0 
l-Asparagine.................| 0 | dl-Phenylalanine.......... 0 
SGiralline..................| © | GProlime................./°@ 

LCysteine................... | 0 | l-Hydroxyproline.........| 40 (?) 

a bOystine.............6...0.- | 0 | dl-Serine.................| 50 (2) 
d-Glutamic acid............. 0 | d-Threonine..............| 0 
- * + glycine. . | 80 | l-Tryptophane........... | 0 
is sane <0 ten etnyniten | 100 | l-Tyrosine............... 0 
LHistidine.................. | © | @Valine.............000. 0 

,l-Leucine.................... | 0 











Of all the other amino acids only hydroxyproline and serine 
gave a positive titer. In the case of serine we are certain that the 
product formed is not hippuric acid. All that can be said at 
present is that under our experimental conditions a product is 
formed by the liver slices which is extracted by the ether and 
gives in our analytical procedure a significantly positive formol 
titration. 

We obtained some evidence that glutamic acid inhibited some- 
what the formation of hippuric acid both in the blank, i.e. benzoic 
acid without glycine added to liver slices, and also with glycine. 
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From the failure of all the amino acids we have tried (except 
glycine) to participate in the formation of hippuric acid we may 
conclude that, at least under the conditions of these experiments, 
none of the other amino acids is converted to glycine in the 
liver. The glycine necessary for the hippuric acid which is formed 
when benzoic acid was added without glycine (it was about 5 
per cent of the amount formed with glycine) can easily be ae- 
counted for by the autolysis of the liver slices in the course of the 
experiment (27). We may therefore have to look to other organs, 
or to materials other than amino acids for the synthesis of glycine 
in the animal body. The possibility remains, of course, that 
glycine is formed in the liver from amino acids under conditions 
other than those which existed in the slices in these experiments, 

We have investigated the possibility of the synthesis of hippuric 
acid from benzoic acid and glycine in minced tissues and tissue 
extracts. So far all the results have been negative. We have 
tried minced liver and aqueous and glycerol extracts of liver (rat), 
and glycerol extracts of the kidney (rat and horse). 

Here, we have been unable to confirm the observations of 
Waelsch and Busztin (28). These authors reported that glycerol 
extracts of horse kidney effected a very rapid synthesis of benzoic 
acid and glycine to hippuric acid. In 6 hours at 37° more than 
60 per cent of the benzoic acid was converted. The hippuric 
acid formed was isolated and identified. Depending on the con- 
ditions, there was also a varying amount of benzamide formed. 
These are the first observations to be reported of the synthesis of 
hippuric acid from benzoic acid and glycine in a tissue extract. 
They would indicate that in a glycerol extract of kidney the whole 
system, consisting of the enzyme acting upon the benzoic acid and 
glycine, the energy-donating enzyme and substrate, and the 
mechanism by means of which these two are coupled, is preserved 
intact. Furthermore the synthesis, according to Waelsch and 
Busztin, proceeds under what are practically anaerobic conditions. 
Synthesis through ‘‘mass action,’’ 7.e. through reduction of the 
concentration of water by the glycerol, which is present in & 
concentration of 30 per cent, is excluded, because the vapor pres- 
sure of water in 30 per cent glycerol, and therefore the active con- 
centration of free water, is about 90 per cent of that in pure 
water (29). 








a i ee ee a Le 


of Ss —_— £5) —_— = 


oew#tese aS — nD -s 2 


scevpvpv<dasee 











H. Borsook and J. W. Dubnoff 321 


Duplicating the conditions of their experiment as exactly as 
possible, we could find no trace of hippuric acid synthesis. The 
benzoic acid we added remained uncombined, and was recovered 
quantitatively. We were also unable to confirm the extraction 
procedure of Waelsch and Busztin. In their hands shaking six 
times with ether (amount not specified) was sufficient to remove 
the benzoic and hippuric acids from the 30 per cent glycerol- 
water-protein mixture containing a final concentration of 2 N 
H,SO,. With this procedure we could recover added benzoic 
acid only incompletely and very little of added hippuric acid. 
We found it necessary to employ an exhaustive continuous ex- 
traction for 2 hours in order to extract these two acids completely 
from the glycerol-water mixture. We are at a loss to account for 
our inability to confirm the striking observations reported by 
Waelsch and Busztin. 

It is pertinent in this connection that a glycerol extract of 
kidney—of the pig in most cases—has been used as a source of 
histozyme; i.e., of the enzyme hydrolyzing hippuric acid (15, 
30-32). Thus Kimura (15) reported that glycerol extracts of 
pig kidney and liver completely hydrolyzed hippuric acid in 68 
to 140 hours at 37°. In 24 hours the most potent glycerol ex- 
tracts effected 50 to 60 per cent hydrolysis. 

We have found that synthesis of hippuric acid by liver slices is 
completely inhibited by 0.001 m KCN and by treatment with 
toluene. We may conclude therefore that not only intact cell 
structure but also cell respiration is essential for the synthesis. 
This is to be expected from the thermodynamic data. 

We have found further that liver slices treated with cyanide 
did not hydrolyze hippuric acid when it was added to the Ringer’s 
solution. If the synthesis of hippuric acid were simply the re- 
verse of hydrolysis brought about by a shift of the equilibrium 
through coupling with an energy-donating reaction, it may be 
expected that when this coupling is broken by a respiratory poi- 
son hydrolysis of any hippuric acid present would ensue. This 
would have been analogous to the hydrolysis of protein in autol- 
ysis. The finding that there is no hydrolysis in liver slices 
poisoned with cyanide indicates that the synthesis of hippuric 
acid under the conditions we have employed, and probably also 
under those in vivo, is not simply the reverse of hydrolysis. 
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Quick (33) made the interesting observations that when glyeu- 
ronic acid monobenzoate was injected into the dog some hippurie 
acid appeared in the urine; and, conversely, after the injection of 
hippuric acid glycuronic acid monobenzoate appeared in the urine, 
Hippuric acid can therefore be both hydrolyzed and synthesized 
in the dog. This does not indicate that the conjugation of ben- 
zoic acid with glycine in the dog or elsewhere is a “reversible” 
reaction which obeys the law of mass action, in the same sense for 
example as an ionic reaction, in which the reaction can be moved 
to the “right” or “‘left’”’ simply by changing the concentrations 
on the “left” or “right.””. The equilibrium is so far over on the 
side of hydrolysis of hippuric acid that no conceivable increase in 
benzoic acid and glycine could per se lead to a significant amount 
of hippuric acid being synthesized. This negative result was ob- 
served by Mutch (14). The hydrolysis and synthesis of hippuric 
acid in the dog is an example of a reaction which is physiologically 
but not physicochemically ‘reversible,’ as reversibility is ordi- 
narily understood. The simplest explanation would appear to 
be that hippuric acid is synthesized in the kidney of the dog and 
hydrolyzed in other organs. 


SUMMARY 


1. Thermodynamic data are presented pertaining to the free 
energy of formation of hippuric acid and of peptides. 

2. From these data the equilibrium constants at 25° and 38° 
for the reaction hippuric acid — benzoic acid and glycine are ¢al- 
culated. 

3. The magnitude of the equilibrium constants so obtained in- 
dicates that the synthesis of hippuric acid in vivo must be a 
coupled reaction of which one of the components is an energy- 
donating reaction. The synthesis cannot be simply the reverse 
of hydrolysis. This deduction is in accord with the experimental 
findings. 

4. A micromethod is described for determining 3 y of hippuric 
acid in 1 to 4 ml. of solution. 

5. A technique is described by means of which it is possible to 
observe the synthesis of hippuric acid effected by slices of liver 
and kidney. 

6. By this technique it was found that in the guinea pig, rab- 
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bit, and rat the conjugation of benzoic acid with glycine can occur 
in both the kidney and liver. In the dog it occurs in the kidney, 
but not in the liver. 

7. In rat liver the reaction is relatively slow, one-tenth to one- 
hundredth that of the synthesis of urea from ammonia. 

8. The influence of such factors as time, concentration of ben- 
goic acid and of glycine, and of amount of tissue on the rate 
of synthesis with rat liver slices is described. 

9. Of twenty-three amino acids and amides only glycine led 
to the formation of hippuric acid by rat liver slices. 

10. This synthesis does not occur when the cell structure is 
destroyed by maceration or when the intact tissue is poisoned 
with toluene or cyanide. Physically intact rat liver slices poi- 
soned with cyanide do not hydrolyze hippuric acid. These find- 
ings are shown to be in accord with deductions from the thermo- 
dynamic data. 

11. An interpretation of the observed hydrolysis and synthesis 
of hippuric acid in the whole animal (dog) is presented in the 
light of the above thermodynamic and experimental data. 


We are indebted to Dr. W. C. Rose for a generous donation of 
threonine and to Dr. C. L. A. Schmidt for a loan of amino acids. 
We are taking this opportunity of thanking them for their kind- 
ness. 
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THE DETERMINATION OF ARGININE BY MEANS OF 
FLAVIANIC ACID* 


By HUBERT BRADFORD VICKERY 


(From the Biochemical Laboratory of the Connecticut Agricultural Experiment 
Station, New Haven) 


(Received for publication, November 9, 1939) 


Recent interest in the stoichiometric relationships between the 
quantities of amino acids that can be isolated from a protein 
and of these in turn to the molecular weight of the protein, as 
estimated by physicochemical methods, has served to emphasize 
the necessity for the development of more reliable methods to 
determine amino acids. The very multiplicity of the methods 
that have been described is evidence, not only of the importance 
that is attached to the information they furnish, but also of the 
dissatisfaction that has been felt with many of them. 

Much attention has been given in this laboratory to the prob- 
lem of determining the basic amino acids with the highest attain- 
able degree of precision, but it is recognized that the large quan- 
tity of protein needed, if this is to be achieved by the methods 
that have been employed, places a serious restriction on general 
application of the results. It has therefore seemed essential to 
develop simpler and if possible less extravagant methods for the 
determination of these substances. 

In the present paper a method to determine arginine is described 
by means of-which highly reproducible and apparently accurate 
results may be secured with a few gm. of protein. The procedure 
is a fundamental modification of the flavianic acid method of 
Kossel and Gross (1). Although reference has been made to the 
use of their method in several laboratories, no thorough study of 
the conditions under which flavianic acid may best be used as a 
reagent for arginine seems to have been attempted. 


*A preliminary report on this method was presented at the meeting of 
the American Chemical Society at Boston, September, 1939. 
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Outline of Method 


A sample of hydrolysate that represents from 3 to 5 gm. of 
protein, freed from as much hydrochloric acid as possible by 
repeated evaporation and decolorized with norit, is treated in 
the cold with 4 to 5 moles of flavianic acid per mole of arginine, 
calculated from the best available information on the yield of 
arginine from the protein. The arginine, which separates slowly 
but completely as the diflavianate under these conditions, is re- 
moved, dissolved in ammonia, and the base is reprecipitated 
from hot solution as the monoflavianate by acidification. The 
weight of this salt furnishes a measure of the arginine content 
of the hydrolysate. 

The results obtained are compared in Table I with analyses 
by the silver precipitation method, when possible the same prepa- 
rations as those previously analyzed in this laboratory being 
employed. In all but two cases higher values have been secured 
by the present method. Data obtained by other workers with 
entirely different methods are also given for comparison. When 
necessary these other data have been recalculated to per cent of 
arginine by the use of the nitrogen content of the protein, also 
given in Table I. 


Preparations Analyzed 


A number of the protein preparations available were highly 
purified specimens and the analytical values secured from these 
presumably have significance for the discussion of molecular 
composition. In addition, a few preparations of proteins, now 
known to be inhomogeneous, and three tissues are included, either 
because careful analyses by other methods were available, or 
because of their general interest. These results serve chiefly for 
comparison. Unless otherwise indicated, the preparations were 
made in this laboratory. 

Edestin—Made in 1928 by the same method as that employed 
for the material previously analyzed by the silver precipitation 
method (3). A very fine preparation made many years ago by 
Osborne was also analyzed. 

Tobacco Seed Globulin—Made in 1931 by dilution and cooling 
of a warm N sodium chloride extract of fat-free tobacco seed meal 
and purified by a second separation in the same way (6). 


Tasie I 


Arginine of Proteins As Determined by Diflavianate Method and by Other Methods 


Figures in parentheses refer to the bibliography. Arginine data. except those in the third eclumn are ovmrecsend me eee 
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Cottonseed Globulin-—-Made in 1927 by a similar method. 

Arachin—Made from Spanish peanut meal by Johns and 
Jones, of the Bureau of Chemistry and Soils, in 1917 (8). 

Amandin—Made from fat-free almond meal in 1915 by the 
customary method (10). 

Gliadin—Made in 1939 by a procedure in which precipitation 
with acetone from a concentrated ethyl alcohol solution was 
employed as an additional purification step. The initial material 
was obtained as described by Nolan and Vickery (31). 

Zein—Made in 1939 by the method described by Nolan and 
Vickery (31) and further purified by treatment with acetone. 

Casein—Made in 1933 by a method based on the Hammarsten 
procedure. This sample had been previously analyzed by the 
silver precipitation method by Vickery and White (16). 

Hemoglobin (Horse)—Made in 1928 in Professor Cohn’s labora- 
tory at the Harvard Medical School by Dr. Arda A. Green; 
twice crystallized and subsequently coagulated by heat; previ- 
ously analyzed for bases in this laboratory (18). A second 
preparation from the same source, made recently, was also 
analyzed. 

y-Pseudoglobulin (Horse)—Made in Professor Cohn’s laboratory 
in 1939 by Dr. Green (32). 

Fibrin (Cattle)—Made from fresh cattle blood in 1914; purified 
by exhaustive extraction with solvents. 

Gelatin—Made in 1914 from high grade commercial gelatin by 
precipitation at faintly acid reaction with alcohol; subsequently 
redissolved in water, neutralized, and reprecipitated with alcohol. 

Egg Albumin—Made in Professor Cohn’s laboratory in 1938; 
crystallized five times from ammonium sulfate, coagulated with 
alcohol, and washed free from ammonia with water. 

Hair (Human)—A preparation previously analyzed for bases 
in this laboratory by the silver precipitation method (26). 

Wool (Sheep)—A commercial preparation for surgical dressings, 
previously analyzed in this sane (28); extracted with ether 
before hydrolysis. 

Silk Fibroin—A preparation of commercially de-gummed silk 
from a uniform strain of cocoons; in skeins, a gift of Professor 
T. B. Johnson of Yale University to the late Dr. Osborne in 1923. 
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DISCUSSION 


The data in Table I give the mean of four or more determina- 
tions with the standard error. The uncertainty is in most cases 
less than | per cent of the proportion of arginine found. 

The group of seed globulins was examined in the hope of find- 
ing an even richer source of arginine than edestin.' Kossel and 
Gross analyzed a preparation which they referred to as Arachis- 
protein, finding 30.8 per cent of the nitrogen to be arginine nitro- 
gen. If their material possessed the same nitrogen content as 
authentic arachin, this result would be the equivalent of 17.5 
per cent of arginine, the highest proportion that has been re- 
ported in any protein except the protamines and histones. The 
present results, however, confirmed the order of magnitude of the 
considerably lower figure of Johns and Jones, and the nature of 
the material analyzed by Kossel and Gross is left uncertain. 

The present value of 2.57 per cent of arginine in gliadin is very 
close to Hunter and Dauphinee’s (4) figure 2.64 per cent, obtained 
by the arginase method, and is identical with that of Johnson and 
Coghill (14) obtained by the Van Slyke method. Van Slyke 
himself (5), however, obtained the much higher proportion of 
3.13 per cent. The value 2.92 per cent, obtained by Osborne and 
Leavenworth (12) by the Kossel and Kutscher procedure, is 
the highest of six determinations, the average of which was 2.69 
per cent. Nevertheless Graff, Maculla, and Graff’s (13) recent 
value by a micro arginase method is identical with this high figure. 
Accordingly the yield of arginine from gliadin is still somewhat 
in doubt. The present result is possibly a little too low. 

A previous value for zein was confirmed but this, like that for 
gliadin, may be a little too low (see Vickery (15)). 

Casein was repeatedly analyzed and the final average of 3.72 
per cent of arginine is identical with one of the two values (3.72 
and 3.97 per cent) secured by Vickery and White (16) by analysis 
of the same preparation by the silver precipitation method. 
Hunter and Dauphinee’s arginase value and Van Slyke’s own de- 


‘Krishnan and Krishnaswamy (Biochem. J., 38, 1284 (1939)) have re- 
cently found that the crystalline globulin of watermelon seeds contains 
approximately 30 per cent of its nitrogen as arginine nitrogen. This is the 
equivalent of a yield of 17.3 per cent of arginine. 
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termination agree quite well with this. In view of the well known 
inhomogeneity of casein it is probable that close agreement 
among different workers is scarcely to be expected and more ex- 
haustive study is not warranted until demonstrably homogeneous 
fractions become available. An example of wide variations of 
apparent arginine yield from different casein preparations is to 
be found in the recent work of Thomas, Ingalls, and Luck (33). 

Horse hemoglobin was given particular attention, since it is 
the most thoroughly characterized of the protein preparations 
available. Two different lots of crystalline material were analyzed 
with substantially identical results. The average value of 3.59 
per cent corresponds exactly with that to be expected if 1 molecule 
of hemoglobin of weight 68,000 (34) yields 14 molecules of ar- 
ginine. A molecular weight of 66,000, based on Zinoffsky’s (35) 
iron and sulfur analysis, would require 3.69 per cent of arginine 
for 14 molecules, which is probably within the limits of accuracy 
of the data concerned in the calculation. 

The y-pseudoglobulin samples prepared from horse serum 
(four in all, each analyzed separately) represent material which 
had been demonstrated to be homogeneous by the electrophoresis 
method. No arginine determinations in serum protein prepara- 
tions of comparable homogeneity have previously been published. 

The result for cattle blood fibrin confirms the highest of Berg- 
mann and Niemann’s (22) values obtained by the flavianic acid 
method of Kossel and Gross, and differs but little from that of 
Hunter and Dauphinee obtained by the arginase method. The 
result of the gelatin analysis is also very close to that of Hunter 
and Dauphinee. 

It is difficult to calculate the molecular relationship in egg 
albumin because of the wide range in the values that have been 
assigned to the molecular weight of this protein. If Svedberg’s 
(34) measurements of 40,500 or 43,800 be taken, the present 
result corresponds closely to that calculated respectively for 13 or 
for 14 moles per molecule. 

The values for human hair and for wool, appreciably higher than 
those earlier obtained by the silver precipitation method, illustrate 
the advantage of the present procedure for the analysis of pro- 
teins that contain unusually high proportions of cystine. A pre- 
vious value for silk fibroin was confirmed but is possibly a 
little low. 
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A comparison of the arginine values of Kossel and Gross (1) 
with the results of the present analyses shows little agreement. 
These authors did not describe the method they employed to purify 
the arginine monoflavianate secured by direct precipitation from 
the protein hydrolysates, save to state that it was heated with a 
considerable volume of very dilute flavianic acid solution. Ex- 
perience with the material precipitated directly from hydrolysates 
of edestin under conditions that favor the formation of the 
monoflavianate indicated that these precipitates often weigh more 
than would be expected from the present arginine value. At- 
tempts to purify them by treatment with water or with dilute 
flavianic acid solution did not give satisfactory results. 

There is also little agreement between the present values and 
those secured by Fiirth and Deutschberger (19) who, in most 
cases, weighed arginine monoflavianate precipitated from a base 
fraction obtained with phosphotungstic acid. 

EXPERIMENTAL 

Hydrolysis of Protein—The quantity of protein required de- 
pends upon its richness in arginine and the number of replicate 
determinations contemplated. The individual samples should 
preferably give 0.5 gm. or more of arginine monoflavianate, and 
this is accomplished if about 5 gm. of a protein of low arginine 
content, such as casein, are taken; from 2 to 3 gm. of a seed glob- 
ulin are adequate. The data in Table I were obtained by the 
hydrolysis in each case of from 20 to 25 gm. (for silk 43 gm.) of 
the protein with 500 ml. of 20 per cent hydrochloric acid for 24 
hours at boiling temperature. The hydrolysate is repeatedly 
evaporated to a syrup in vacuo and then made to 250 ml.; 1 ml. 
aliquots are removed for nitrogen determination. The quantity 
of protein carried on is calculated from the nitrogen content 
given for each protein in Table I. These data were mostly taken 
from the literature and represent the nitrogen of dry, ash-free 
preparations of the highest purity. 

The solution is diluted, boiled with about 5 gm. of norit, and 
the norit is filtered off and extracted twice with boiling water. 
The nearly colorless hydrolysate and the washings are then fil- 
tered and brought to 250 ml., and 50 ml. aliquots are taken for 
each of four arginine determinations. For the analysis of single 
small samples the quantities are appropriately scaled down, the 
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aim being to obtain a final solution of approximately 10 per cent 
concentration. 

Precipitation of Diflavianate—The quantity of flavianic acid 
required is calculated from the best available estimate of the ar- 
ginine content (1 gm. of arginine requires 1.805 gm. of flavianiec 
acid for 1 mole) and from 4 to 5 moles are added in substance at 
room temperature The samples are then placed in the re- 
frigerator for 4 days, being thoroughly stirred at least once each 
day. Under these conditions, the product that separates consists 
chiefly of the pale yellow needles of the diflavianate of arginine, 
occasionally mixed with a little of the orange-yellow monoflavi- 
anate in the form of nodular masses of plates. Minor quantities 
of ammonium flavianate and probably of the flavianates of other 
amino acids may also be present. 

The precipitate from each sample is filtered on a small sintered 
glass funnel (or crucible) and washed two or three times (about 
30 ml. in all) with water saturated at room temperature with 
arginine monoflavianate.* During this operation much of the 
diflavianate is transformed into monoflavianate (see below), and 
the fluid that runs through is highly colored with flavianic acid, 
but no loss of arginine has been detected. Ammonium flavianate 
and the flavianates of other amino acids if present are largely 
removed. 

Precipitation of Monoflavianate—The funnel is attached to a 
150 ml. suction flask and the precipitate is stirred with a little 
hot water; 5 N ammonium hydroxide is added drop by drop from 
a 1 ml. pipette graduated in 0.1 ml., and the precipitate is stirred 
until all is in solution. The minimal necessary amount of reagent 
is used and, at the end, the solution should have a barely detect- 
able odor of ammonia. It is then gently drawn through the sin- 
tered glass which is finally washed colorless with hot water, if 
necessary with the aid of a trace of ammonia. Loss from ebulli- 
tion in the filter flask must be carefully guarded against. 

The clear filtrate is washed with a little hot water into the 


2 In the silk analysis, the aliquots were diluted to 70 ml. and 10 moles 
of flavianic acid were used. 

* To prepare this wash fluid, a few gm. of pure arginine monoflavianate 
are thoroughly shaken in a 2 liter flask of water and allowed to settle. The 
solution is filtered into a small wash bottle for use. 














t 


- PF e—= F&F er TO Fle 


—= @ 


—veFe S&F ee 











H. B. Vickery 333 


beaker used for precipitation and any crystals that escaped trans- 
fer to the funnel are dissolved; the total volume at this stage 
should be about 40 ml. The solution is carefully brought to a 
boil and 1 N sulfuric acid equivalent to or slightly in excess of the 
amount of 5 N ammonia used to dissolve the precipitate is added. 
Arginine monoflavianate usually crystallizes at once from the 
hot solution in plates with a highly developed golden yellow 
luster, and crystallization should be allowed to become complete 
at room temperature before the solution is stirred. After being 
chilled overnight, the crystals are filtered on a sintered glass 
erucible, washed several times with water saturated at room 
temperature with arginine monoflavianate and finally with a 
little alcohol, and are dried a few hours at 105°, cooled in a desic- 
eator, and weighed with as little exposure to the air as possible 
(slightly hygroscopic when dry). The weight of arginine mono- 
flavianate multiplied by 0.3566 gives arginine; by 0.1148, gives 
arginine nitrogen. 


Discussion of Details of Procedure 


The arginine monoflavianate obtained from the proteins studied 
has in each case been demonstrably analytically pure; sulfur 
determinations on composite samples are given in Table I, fifth 
column. The intense golden yellow luster is a characteristic 
property that, when well developed, appears to be a reliable 
evidence of purity. Preparations obtained under other circum- 
stances and known to be impure seldom exhibit a pronounced 
luster. 

The only contaminant that has been encountered is ammonium 
flavianate, which occasionally separates as a thin film of pale 
yellow needles, usually at the surface of the solution. This may 
happen if an excessive amount of ammonia is used to dissolve the 
first precipitate, or if the volume is too small. If this occurs, the 
sample may be warmed to 30-40° and allowed to stand at room 
temperature for a few hours before filtration. No significant 
loss of arginine has been detected when this was done. Alterna- 
tively, the samples may be washed more thoroughly with arginine 
flavianate solution than is usually necessary. No case has been 
encountered in which more than 100 ml. of wash fluid were re- 
quired, and study of the loss of weight with repeated measured 
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volumes of wash fluid has shown that a valid correction for the 
total loss in the washings can readily be ascertained. It has been 
necessary to resort to this artifice in only one or two cases. 

As an illustration of the reproducibility obtained in the anal- 
ysis of edestin by various modifications of this procedure, detailed 
data from several experiments are shown in Table II. The di- 
flavianate technique is definitely, although only slightly, superior 
with this high arginine protein. With casein and zein, no signifi- 











TaBe II 
Determinations of Arginine in Edestin by Various Modifications of the 
Procedure 

peietinel Average 

per cent per cent 
Ist precipitation as monoflavianate from hot  _16.06 
solution; washed with water, dissolved, and 15.96 
reprecipitated 16.27 

16.11 16.10 
Ist precipitation as monoflavianate; washed | 16.50 
with saturated arginine flavianate solution, 16.57 
dissolved, and reprecipitated | 16.54 

| 16.47 16.52 
Ist precipitation as diflavianate | 16.77 
16.79 
| 16.90 

| 16.77 16.81 
Ist precipitation as diflavianate; preparation _—16.70 
from Osborne collection | 16.79 
16.73 

16.64 16.72 








cant difference could be established. The use of the diflavianate 
was suggested by the behavior noted afterflavianic acid had been 
added to the hot solution of the hydrolysate. The mother liquor, 
from which arginine monoflavianate had apparently separated 
completely, slowly deposited pale yellow needles on being chilled 
for several days. Examination of these showed that they con- 
sisted of arginine diflavianate, and it became evident that this 
salt is less soluble than the monoflavianate in the acid solution 
(pH 1.0 to 1.5) of the products of hydrolysis after the addition of 
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a large excess of the reagent. Clearly, therefore, the diflavianate 
is to be preferred for the preliminary separation of the arginine. 
An analogous case of relative solubility of the two salts of arginine 
has recently been pointed out by Bergmann and Stein (36) for 
the naphthalene-6-sulfonates (nasylates). 

A further advantage of the diflavianate technique became evi- 
dent during work with casein. In the hope that more complete 
separation of arginine monoflavianate might be achieved if the 
excess of mineral acid were neutralized with ammonia, samples 
of hydrolysate were brought to about pH 4 before the reagent 
was added. Under these circumstances tyrosine became a 
troublesome contaminant. Nevertheless, a value of 3.74 per 
cent of arginine was obtained as the average of four determina- 
tions. A repetition gave 3.71 per cent, and the diflavianate tech- 
nique gave 3.70 per cent. It was concluded that the latter 
method was to be preferred on grounds of convenience, although 
there is little to choose on grounds of precision with a protein of 
low arginine content. 

The time required for complete separation of the diflavianate 
was also tested with casein. The yield of arginine, after crystalli- 
zation had proceeded for 24 hours in the refrigerator, was 3.36 
per cent; after 48 hours, 3.57 per cent; after 5 days, 3.70 per cent. 

The necessity for a large excess of reagent was evident from 
experiments with edestin in which the formation of the mono- 
flavianate was promoted by conducting the precipitation in hot 
solution and subsequently allowing crystallization to proceed 
for 3 days in the cold. Under these circumstances, the largest 
possible excess of flavianic acid was present in the mother liquor 
to favor the formation of the diflavianate with the traces of 
arginine that remained in solution. When 1 mole of flavianic 
acid was added, 14.4 per cent of arginine was isolated; with 1.5 
moles, 15.9 per cent; and with 2 moles, 16.3 per cent. The use 
of 4 to 5 moles, the latter amount with proteins of low arginine 
content, is clearly desirable when the diflavianate is allowed to 
form from the beginning. 

Tests of the recovery of arginine after precipitation as the 
monoflavianate were made by treating 0.3738 gm. of arginine (as 
monohydrochloride) dissolved in 30 ml. of water with 2 moles of 
flavianic acid at boiling temperature. The crops of crystals 

















336 Determination of Arginine 


obtained from the chilled solution contained 0.3722 and 0.3736 
gm. of arginine in two experiments, an average yield of 99.8 
per cent. A similar quantity of arginine was added to 30 ml. of 
an approximately 10 per cent solution of the products of hydrolysis 
of edestin from which arginine and the excess of flavianic acid had 
previously been removed. On the addition of flavianic acid to 
the hot solution, arginine monoflavianate separated slowly and 
the solution was heated, after having been chilled overnight, to 
insure that all diflavianate had been decomposed. After being 
again chilled overnight, the crystals contained 0.3734 and 0.3751 
gm. of arginine in two experiments, an average yield of 100.1 
per cent. No significant loss of arginine is thus to be anticipated 
in the manipulations. 

Incidental observations on the solubility of arginine monoflavi- 
anate showed that samples of about 1 gm., washed at room tem- 
perature (about 24°) on the crucibles with 100 ml. of 1 per cent 
aqueous flavianic acid, lost on the average 2.5 mg., which is 
barely significant in work on the scale of these experiments. 
When washed with 100 ml. of water, the loss was somewhat vari- 
able but averaged 18 mg. Accordingly the use of water as a 
wash fluid was discarded. 

When samples were washed with 100 ml. of water saturated 
with arginine monoflavianate at room temperature, the average 
loss observed was close to 2.4 mg. Theoretically there should be 
no loss under these conditions and doubtless, if the experiments 
were carried out at a controlled constant temperature, this would 
be achieved. The point, however, was to establish the behavior 
under convenient working conditions and the result showed that 
the usual washing operation with from 25 to 50 ml. of wash fluid 
can be conducted without significant error. 

The solubility of arginine monoflavianate, determined by evapo- 
rating 100 ml. of saturated aqueous solution in platinum dishes, 
was found to be 20.0 mg. at 24° and 11.8 mg.at 7.5°. Kossel and 
Gross gave the figure 17.7 mg. at 19°. The present observations 
are not offered as exact solubility determinations; they serve 
merely to establish the order of magnitude, and the results sug- 
gest the desirability, if attempts are made to conduct the present 
procedure on a semimicro scale, of working at a controlled and 
low temperature. 
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The solubility in absolute alcohol is too low to be estimated 
easily by direct weighing. The color of a saturated solution at 
room temperature is much paler than that of a saturated aqueous 
solution diluted 10-fold, and approximate determinations with 
the Pulfrich photometer suggested an order of magnitude con- 
siderably less than 1 mg. in 100 ml. Accordingly alcohol may be 
used as a wash fluid without significant loss. 

The solubility of arginine monoflavianate is much depressed 
in the presence of excess flavianic acid. The preliminary precipi- 
tation of the diflavianate, which takes place in the presence of an 
approximately 10 per cent solution of mixed amino acids, is 
rendered as complete as possible by the use of a large excess of 
free flavianic acid. The washing of this compound removes much 
of the 2nd molecule of combined flavianic acid (see below), but is 
deliberately stopped before this decomposition is complete. Thus 
the reprecipitation as monoflavianate normally takes place in 
the presence of excess flavianic acid. In certain cases in which 
this has not been obvious from the appearance of the precipitate, 
a little flavianic acid has been added to the ammoniacal solution, 
although no particular advantage therefrom has been demon- 
strated. The risk that ammonium flavianate may separate is 
definitely increased by this procedure and it may therefore defeat 
its own end by making a more extensive final washing necessary. 

Arginine Diflavianate—No exhaustive study of the properties 
of arginine diflavianate has been attempted, but a few incidental 
observations may serve to illustrate its value as a means for the 
isolation of arginine. The possibility that this substance may 
form in acid solution apparently escaped the attention of Kossel 
and Gross and of Fiirth and Deutschberger, and its casual pres- 
ence may help to account for the failure of these investigators 
to secure more reliable arginine determinations in proteins. 

The first reference to the substance is in a foot-note to a paper 
from this laboratory (37) in 1927 and it was shortly afterwards 
studied briefly by Cox (38) who found that it separates, frequently 
together with the monoflavianate, when recrystallization of mono- 
flavianate is attempted from strongly acid solutions. The 
simplest method to prepare a specimen is to dissolve 3 gm. of the 
monoflavianate in 25 ml. of boiling 10 per cent hydrochloric acid. 
On being cooled, the diflavianate separates as pale yellow needles 
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in radiating masses. It may be filtered with suction on sintered 
glass and washed with a very little cold 10 per cent hydrochlorie 
acid without apparent decomposition. It may be dried in vacuo 
over lime, although this is slow. It does not appear to decompose 
if nearly dry material is heated at 105° in the oven. The yield 
(no evidence of water of crystallization was encountered) varied 
from 96 to 98 per cent of that calculated on the assumption that 
2 moles of arginine monoflavianate yield 1 mole of arginine di- 
flavianate and 1 of arginine in acid solution. The arginine in the 
filtrate was recovered as monoflavianate, the yield being from 98 
to 100.2 per cent of that calculated. 

Somewhat less satisfactory results were obtained if the caleu- 
lated amount of flavianic acid and of arginine monoflavianate 
were dissolved together in hydrochloric acid, and, when a sub- 
stantial excess of flavianic acid was used, the product was con- 
taminated with this substance. 

On being heated, the diflavianate shrinks and softens in a 
characteristic manner at about 160°, as described by Cox, but 
appears to become solid again at 180°. Decomposition is evi- 
dent from about 220° and pronounced gas evolution occurs at or 
near 228°. Cox’s observation that the substance decomposes at 
245°, uncorrected, could not be confirmed. The temperatures 
given were observed with a short stem thermometer. 

Arginine diflavianate loses flavianic acid when treated with cold 
alcohol or cold water and is instantly decomposed by hot water. 
A dry sample (2.4327 gm.) was heated with 50 ml. of water, 
cooled, and the monoflavianate was recovered. It weighed 
1.4800 gm., a yield of 100.0 per cent of that calculated. The filtrate 
was treated with an excess of arginine monohydrochloride. The 
arginine monoflavianate obtained weighed 1.4672 gm. and thus 
contained 0.9441 gm. of flavianic acid or 99.1 per cent of that 
calculated. The decomposition of arginine diflavianate by hot 
water is therefore strictly quantitative. 

Another sample (2.4267 gm.) was washed on a crucible at room 
temperature with 100 ml. of saturated arginine monoflavianate 
solution. The color of the clear filtrate was much intensified 
and, by the addition of an excess of arginine hydrochloride, the 
flavianic acid it contained was recovered. The weight of the 
arginine monoflavianate obtained, corrected for the approxi- 
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mately 20 mg. present in solution in the wash fluid, was equivalent 
to 0.8687 gm. of flavianic acid or a little more than 91 per cent 
of the 2nd mole of flavianic acid present in the sample of arginine 
diflavianate taken. Thus this substance is extensively decom- 
posed by being washed at room temperature with a considerable 
volume of saturated aqueous arginine monoflavianate solution. 
An important step in the analytical procedure depends on this 
observation. Complete decomposition of the diflavianate dur- 
ing washing would be undesirable, since some excess of flavianic 
acid is needed during the recrystallization in order to repress 
solubility. The technique of washing described achieves this end 
more or less automatically. 

The filtrate from the experiment last mentioned, from which 
flavianic acid had been precipitated with an excess of arginine, 
was nearly colorless and a rough colorimetric estimate showed 
that it contained much less than 1 mg. of arginine monoflavianate 
per 100 ml. The solubility of this substance is thus as markedly 
repressed by the presence of an excess of arginine as it is by an 
excess of flavianic acid. 

No attempt was made to investigate the exact solubility of ar- 
ginine diflavianate. The substance apparently cannot exist in 
aqueous solution and is at once decomposed when warmed with 
quite dilute hydrochloric acid. The arginine monoflavianate 
redissolves at boiling temperature if 2 per cent hydrochloric acid 
is used, and the loss of orange color suggests that the di-salt is 
again formed at the higher temperature. Nevertheless the solu- 
tion deposits the monoflavianate when cooled, although a little 
diflavianate may separate on long standing. On the other hand, 
if 4 per cent hydrochloric acid is used, there is no detectable 
decomposition (orange color) when the sample is warmed until 
dissolved. When cooled, the solution deposits mainly yellow 
needles of diflavianate, although minor amounts of the orange 
monoflavianate usually accompany it. This has been occasionally 
observed even with 10 per cent acid. 

A thorough study of the solubility of arginine diflavianate would 
involve examination of the equilibrium relationships at different 
temperatures between arginine, flavianic acid, and mineral acid 
and is beyond the scope of the present investigation. It suffices 
to point out that the solubility of this substance must be ex- 
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tremely low in the 10 per cent solution of mixed amino acids at a 
reaction in the vicinity of pH 1 to 1.5 when a 100 per cent or larger 
excess of flavianic acid is added. This is clear, since the solubility 
is obviously less than that of the monoflavianate and this sub- 
stance can be almost quantitatively recovered under these 
conditions. 

One further comment may be added. Bergmann and Stein 
(39) have recently pointed out that the determination of amino 
acids by precipitation in the form of a salt can seldom be com- 
pletely satisfactory because of the residual solubility in the 
mother liquor, this solubility being, in the particular case of pro- 
tein analysis, a complex and quite unknown function of the 
composition of the mother liquor. Efforts to minimize solubility 
losses by concentration are defeated by the increased solvent 
power of the more concentrated amino acid solutions. They 
accordingly propose the abandonment of the use of highly in- 
soluble salts and substitute reagents that give somewhat spar- 
ingly soluble products. By calculation from the results of a 
series of solubility determinations in the presence of known 
amounts of the reagent it becomes possible to ascertain the quan- 
tity of the given amino acid that remains in solution and thus 
to secure analytical figures of a high degree of probable accuracy. 
The method holds forth promise of being exceedingly valuable. 
In the present case, however, it seems that the residual solubility 
of arginine diflavianate is so small that the error becomes in fact 
negligible when an adequate quantity of protein is taken. For- 
tunately this quantity is within reasonable bounds for many 
important proteins and there seems little doubt that a fair degree 
of precision can be obtained by suitable modification of the tech- 
nique for application to even smaller amounts. 


SUMMARY 


A method to determine arginine in hydrolysates of proteins is 
described, which depends upon the insolubility of arginine 
diflavianate in the acid solution of amino acids. This substance 
separates slowly in the cold as pale yellow needles. Purification 
is effected by solution in ammonia and reprecipitation at slightly 
acid reaction from hot solution as the monoflavianate, which 
separates as orange-yellow plates with a highly developed golden 
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yellow luster. Analysis of a representative group of proteins 
has given results usually a little higher than those previously 
obtained by the silver precipitation method. From 3 to 5 gm. 
of protein are required for each determination and the results 
are highly reproducible and apparently reliable. 
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Our studies on the potassium content of human blood serum 
(1) required an analytical procedure sufficiently fine to disclose 
slight changes in the potassium level, a method which equals in 
accuracy but is less time-consuming than the platinic chloride 
method. Of the available micromethods which do not employ 
platinum for precipitation, that of Breh and Gaebler (2) and its 
modification by Truszkowski and Zwemer (3) appeared prefer- 
able. These authors made use of the reaction of silver 
cobaltinitrite with potassium, which was studied and described 
by Burgess and Kamm (4) in 1912 as a qualitative test for po- 
tassium. The reaction product, silver potassium cobaltinitrite, 
is far less soluble in water than the sodium potassium cobaltinitrite 
compound of the widely used Kramer and Tisdall (5) procedure. 
Leaving out of consideration the colorimetric measurement of 
either cobalt (2) or nitrite (3), we resorted to the superior tech- 
niques of gasometric determination of the nitrite as described by 
Kramer and Gittleman (6) and the titrimetric determination of 
silver by the use of the Volhard procedure. 

In a systematic study of the procedure of Breh and Gaebler and 
its modification, the recovery of potassium from known solutions 
showed errors ranging from 5 to 20 per cent. We found that the 
source of these errors lay in the variability of composition of the 
precipitated silver potassium cobaltinitrite compound. Burgess 
and Kamm pointed out that when a solution of a potassium salt 


* This work was aided by the Edward B. Pryor Memorial Fund. 
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is added to a solution of silver cobaltinitrite, the reaction proceeds 
as follows: 


AgsCo(NOz)s S> AgsKCo(NO,). Ss AgK:Co(NO;). 


On this basis it is to be assumed that the equilibrium between 
the individual compounds forming the reaction product is af- 
fected by the relative concentrations of potassium and silver par- 
ticipating in the reaction, and that in consequence the qualitative 
reaction of Burgess and Kamm cannot be used for quantitative 
purposes unless standard conditions which insure the constant 
composition of the reaction product can be established. Full 
control of the silver concentration in the reaction mixture being 
of such importance, we used in our equilibrium studies pure sodium 
cobaltinitrite, prepared according to Treadwell (7) with slight 
modifications, instead of the crude mixture prepared by pouring 
together sodium nitrite, cobalt nitrate, and acetic acid, as used by 
other workers (2, 3). Those who used such mixtures disregarded 
the warnings of Burgess and Kamm concerning the formation of 
silver nitrite in the presence of excess nitrite ions, and also failed 
to take into consideration the adverse influence of excess acid upon 
the stability of the precipitated reaction product. 


Equilibrium Studies 


Effect of Silver Concentration—In this series of experiments we 
studied the effect of the amount of the silver that participates 
in the reaction upon the composition of the reaction product. 
The pure potassium sulfate employed was put up in 0.22276 per 
cent stock solution, containing 1 mg. of potassium per cc.; dilu- 
tions were made as needed in these and subsequent experiments. 
The following reagents? were required. 

1. Sodium cobaltinitrite, prepared as follows: 150 gm. of 
sodium nitrite are dissolved in 150 ec. of hot water; after the solu- 
tion is cooled to about 40°, 50 gm. of cobalt nitrate crystals are 


1 Our equilibrium studies (see Fig. 1) show that this equation does not 
represent the true course of the reaction. Regardless of this fact, how- 
ever, our experiments bear out the assumption that the concentration of 
silver seriously affects the course of the reaction. 

2 We used Mallinckrodt A. R. grade reagents, which were consistently 
satisfactory. 
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added with vigorous stirring until dissolved. Following this, 
50 cc. of 50 per cent acetic acid are added in approximately 2 cc. 
portions, with whirling after each addition. Half-way through 
and at the end, the flask is stoppered and vigorously shaken. The 
yellow-brown precipitate is filtered off and discarded. After 
aeration for 45 minutes with a rapid current of air, the filtrate is 
allowed to stand in the ice box overnight. The supernatant liquid 
is then passed through a dry filter paper and the brown precipitate 
is discarded. To the filtrate, about 200 cc. of 95 per cent alcohol 
are added in small portions with vigorous agitation. After 30 
minutes standing the precipitate is filtered off on a Buchner 
funnel with suction and is washed with four successive 25 cc. 
portions of 95 per cent alcohol, followed by three washings with 
pure ether. The precipitate is then placed in a vacuum desicca- 
tor, allowed to dry, ground in an agate mortar, and stored in a 
glass-stoppered brown bottle. The dry salt is stable. 

2. Sodium hydroxide, 10 N and 1.3 N. 

3. Urea, 10 per cent solution. 

4. Sulfuric acid, 8 N. 

5. Nitric acid, 1:2 dilution (1 volume of HNO; and 1 volume 
of H,0). 

6. Potassium thiocyanate, 0.0025 m. The dilution is prepared 
from 0.1 m stock solution and is not used for more than 2 days. 

7. Ferric ammonium sulfate, 20 per cent solution containing 
3 ce. of nitric acid per 100 ce. 

Precipitation of Silver Potassium Cobaltinitrite—Into a series of 
15 cc. Pyrex centrifuge tubes* were measured 5 cc. portions of a 
potassium sulfate solution containing 0.1 mg. of potassium, and to 
each was added a 0.5 cc. portion of a silver nitrate solution of a 
different concentration (see Fig. 1). The contents of the tubes 
were thoroughly mixed with the aid of fine glass rods, and the 
tubes and rods placed in a rack (an individually spaced wire 
basket) and immersed in a water bath at 18-20°. When the tubes 


* The 15 cc. Pyrex centrifuge tubes must be prepared for use by treat- 
ment with hot chromic-sulfuric acid solution and thorough rinsing with 
tap water and then with ammonia-free distilled water. The tubes are 
inverted to drain on a clean sheet of filter paper; they must drain without 
the breaking of the film of water or else the acid treatment is to be repeated. 
No ammonia must be used in proximity to the work bench. 
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had assumed the temperature of the bath, there was added, 
dropwise with stirring, 0.5 cc. of a freshly prepared 12.5 per cent 
solution of sodium cobaltinitrite (temperature 18-20°). The 
tubes were allowed to stand in the water bath for from 10 to 20 
minutes and then centrifuged for 10 minutes at 3000 R.p.m‘ 
The supernatant fluid was removed by suction, a finely drawn 
glass tube with the end curved upward being used. At all times 
when the tubes were not in the centrifuge or in manipulation, they 
were kept in the water bath. Three washings with 5 cc. portions 
of distilled water (temperature 18-20°) were performed in the 
following manner. The tube was held in a slanting position (at 
an angle of about 25° to the vertical) and rotated while about 1 
cc. of the first portion of water was allowed to run dropwise and 
slowly down the sides of the tube; the rest was allowed to run in 
rapidly. This technique insured thorough washing of the entire 
surface, leaving the precipitate undisturbed. Keeping the pre- 
cipitate intact is essential in order to avoid slight yet measurable 
losses; for, although the compound is insoluble in water, some of 
it goes into a finely dispersed state and is lost in the course of 
repeated washings if the precipitate is stirred up. After each 
washing the tubes were centrifuged before the supernatant fluid 
was removed. After the last washing the tubes were covered with 
clean pieces of tin-foil and kept in an ice box until they were 
analyzed. 

Manometric Determination of Nitrite—Into the tubes contain- 
ing the silver potassium cobaltinitrite precipitate, 1 cc. of 13 .N 
sodium hydroxide was introduced, and the contents mixed with 
fine glass rods. The tubes and rods were placed in a boiling water 
bath for from 8 to 10 minutes. The yellow color disappeared 
and a precipitate consisting of silver oxide and cobaltous hy- 
droxide appeared at this operation. The solution was quanti- 
tatively transferred into the cup of the Van Slyke manometric 
apparatus by rinsing the tube with five 0.5 ce. portions of 10 per 
cent urea solution. It is, of course, important that the tube be 
well washed and the washings carefully transferred. The solu- 
tion was lowered into the extraction chamber until the level of 


* Several workers (2, 3) have reported difficulties with the precipitates 
floating and sticking to the sides of the tubes. With the technique de- 
scribed here, we have not encountered these difficulties. 
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the fluid in the cup was just above the capillary. The cup was 
then washed with 0.5 cc. of 10 per cent urea solution, which was 
also lowered into the extraction chamber. From this point on, 
the only deviation in our procedure from that of Kramer and 
Gittleman was that we deaerated the solution in the extraction 
chamber before adding the 1 cc. of 8 N sulfuric acid. We have 
found that this deaeration makes a difference of from 2 to 3 mm. 
of pressure in our final reading. A blank analysis was per- 
formed on each batch of the reagents used in the potassium de- 
termination; with the technique and the reagents specified, the 
blank value for the mixed reagents was found to be the same as 
the blank obtained on 1 cc. of 1.3 N sodium hydroxide alone. 

Titrimetric Determination of Silver—For the estimation of the 
silver content, 0.5 cc. of 1:2 nitric acid was measured into the 
tube containing the silver potassium cobaltrinitrite precipitate, 
and the tube was placed in a boiling water bath for 5 minutes. If 
at the end of 5 minutes the precipitate was not in solution, the 
tube was carefully agitated. The tube and contents were al- 
lowed to cool and | drop of 20 per cent ferric ammonium sulfate 
was added. The solution then was titrated with 0.0025 m potas- 
sium thiocyanate to the appearance of the faintest, but permanent, 
pink color, a fine tipped microburette of 0.01 cc. graduations being 
used. In the small volume used the end-point is very sharp, so 
that by splitting drops near the end-point one can duplicate 
titrations with a maximum error of 0.01 ce. 

The results of these experiments are presented graphically in 
Fig. 1. The lower curve shows the nitrite content of precipitates 
which were formed with a constant amount of potassium (0.1 mg.), 
but with the addition of variable amounts of silver to the reaction 
mixture. The lowest amount of added silver represented in the 
graph is a multiple of the equivalent required to precipitate the 
potassium completely, and we have ascertained that all of the 
potassium present actually is precipitated in every instance. Yet, 
as may be seen, the nitrite content rises steeply as the added 
silver is increased. Thus, for example, increment of a single 
mg. in the amount of silver can cause well over 10 per cent rise 
in the nitrite content of the reaction product. As shown in the 
curve, however, this rise persists only until the amount of the 
added silver approaches 10 mg. At this point the curve breaks 
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and the nitrite content of the precipitate remains constant until 
the amount of added silver exceeds 15 mg. Beyond this range 
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The upper curve in Fig. 1 represents the silver content of re- 
action products that were precipitated under the same conditions 
as prevailed in the experiments carried out for the determination 
of the nitrite content. As may be noted, the two curves run fairly 
parallel. The main interest attaches to the horizontal sections 
of both curves, which demonstrate that when the amount of 
silver reacting with 0.1 mg. of potassium ranges from 10 to 15 
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Fic. 2 Effect of variations in potassium concentrations upon the com- 
position of silver potassium cobaltinitrite precipitates. 


mg., both the nitrite and silver contents of the reaction product 
maintain a constant ratio to the potassium. 

Effect of Potassium Concentration—In the following experi- 
ments we maintained the amount of the added silver as a constant. 
In three series of experiments, 10, 12, and 15 mg. of silver re- 
spectively were employed as constant quantities. These are 
the silver concentrations located at the beginning, the middle, 
and the end of the horizontal zones of both curves in Fig. 1. Other 























350 Potassium Determination 


experimental conditions were identical with those observed in 
the preceding experiments. The results show that with all three 
silver concentrations employed in these experiments, both the 
nitrite and the silver contents of the reaction products were in 
direct linear proportionality with the amount of potassium, so 
long as the latter was not less than 0.075 and not more than 0.20 
mg. On either side of this range, however, changes in the silver 
concentration entailed variable degrees of deviation from pro- 
portionality. These findings are presented in Fig. 2. 

From the experiments described, the following information is 
derived. The data represented in Figs. 1 and 2 show that under 
well defined experimental conditions, one obtains silver potassium 
cobaltinitrite precipitates which are of a constant composition as 
regards the quantitative relationship between their potassium, silver, 
and nitrite contents. The two salient points among these con- 
ditions are that the quantity of the potassium be no less than 
0.075 and no more than 0.20 mg., while the amount of silver be 
confined within the range of 10 to 15 mg. 


Estimation of Potassium in Blood Serum 


Blood samples for the estimation of serum potassium must be 
taken with the observance of strict precautions for avoiding the 
passage of potassium from corpuscles to serum. The use of a 
syringe is to be avoided because the necessary slight suction 
involved in its use almost invariably causes slight hemolysis. 
We allow the blood to flow directly from a medium bore needle, 
which has been inserted into an arm vein, into a thoroughly 
cleaned, 18 XK 150 mm., Pyrex test-tube. The blood is not 
allowed to stand in the tube for longer than 20 minutes, as there 
occurs in clotted blood a slow but appreciable transference of 
potassium from corpuscles to serum. The tube is then centri- 
fuged and the serum is carefully drawn off by means of a clean 
pipette with a rubber bulb attachment. The serum is stored in 
a clean and tightly stoppered Pyrex test-tube until it is to be 
analyzed. 

Human serum contains on an average about 20 mg. of potas- 
sium per 100 cc. It may be noted that the conditions we studied 
were geared to the estimation of potassium in 0.5 cc. of serum, 
so that the useful range that was established extends from the 
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minimum value of 15 to a maximum of 40 mg. of potassium per 
100 cc. of serum, a range that covers most abnormal and experi- 
mental conditions. For extreme instances, in which the serum 
potassium is below 15 or above 40 mg. per cent, 1 cc. or 0.25 ee. 
of serum respectively is to be used. 

The wet or dry ashing procedures for serum are tedious and time- 
consuming; besides, one must continually be on guard against 
contamination and loss by volatilization. The use of a tungstic 
acid filtrate of serum, as employed by other workers (2, 3), is 
objectionable, firstly, because tungstate ions remove variable 
amounts of added silver as insoluble silver tungstate, and secondly, 
because the acidity of tungstate filtrates’ adversely affects the 
stability of the silver potassium cobaltinitrite precipitate. By 
using the cupric sulfate-sodium tungstate method of protein 
precipitation (8) with a slight modification, we obtain a filtrate 
which is free of tungstate ions and at the same time is not too acid 
for our purpose (pH 5.2 to 5.4). 

It is important to remove the chloride ions from the serum in 
order to avoid the formation of silver chloride, which would 
entail a substantial change in the standard amount of silver to 
be added later on. Peters and Van Slyke (9) give the limits of 
chloride values in plasma as from 95 to 110 milliequivalents, 
which require from 10 to 11.8 mg. of silver per ec. of plasma, 
about one-half of our standard quantity. To a series of twenty- 
five normal and pathological sera we added, directly after the 
deproteinizing reagents, 0.8 cc. of 0.2 m silver nitrate per cc. of 
serum. This is more silver than is required by the chlorides, but 
some excess is necessary since proteins consume some silver. There 
was found on analysis of 5 cc. portions of the 1:10 filtrates a silver 
content of from 1.55 to 2.22 mg., with an average of 1.8mg. With 
such variations the silver concentrations remain well within the 
limits established for obtaining a silver potassium cobaltinitrite 
precipitate of constant composition (see Fig. 1). 

Precipitation of Proteins and Chlorides—For the preparation of 
blood filtrates free of proteins and of chlorides, the following 
three solutions are required, (1) cupric sulfate, 5 per cent solution, 


‘In order to attain complete precipitation of proteins from serum or 
plasma with the tungstate method, the reaction must be adjusted close 
to a pH of 3. 
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(2) sodium tungstate, 3 per cent solution, and (3) silver nitrate, 
0.2 m solution. 

With a 1 cc. Ostwald pipette (‘‘to contain’’), 1 cc. of serum is 
measured into a Pyrex test-tube containing 6.2 cc. of water and 
the contents are mixed well. 1 cc. of 3 per cent sodium tungstate 
is admixed; then 1 ce. of 5 per cent cupric sulfate is added, and the 
tube is stoppered and thoroughly shaken. Following this, 08 
ec. of 0.2 m silver nitrate is added, the tube is again stoppered 
and thoroughly shaken, and the contents are filtered through a 
9 em. filter paper (No. 575 Schleicher and Schill). It is some- 
times necessary to return the first portion to the filter to obtain 
a perfectly clear filtrate. 

If under certain exceptional experimental or pathologic con- 
ditions the serum potassium may be expected to fall below 15 
mg. per cent, it becomes necessary to use 1.5 or 2 ec. of serum and 
to perform the precipitation at 1:7.5 or 1:5 dilution. For analysis 
a 5 cc. portion of this filtrate (corresponding to 0.75 or 1.0 ce. of 
serum respectively) is employed. 

Wet Ashing of Serum—lIf wet ashing is preferred to the above 
procedure, the following reagents are required, (1) sulfuric acid, 
3 N solution, (2) nitric acid, concentrated, (3) perchloric acid, 
60 per cent solution, (4) methyl red indicator, 0.06 per cent solu- 
tion of the sodium salt, and (5) sodium hydroxide, 1.0 N and 
0.1 N solutions. 

With an Ostwald pipette (“to contain’), 0.5 ec. of serum is 
measured into an 18 X 150 mm., Pyrex combustion test-tube 
containing 1 cc. of 3 N sulfuric acid; 1 ec. of concentrated nitric 
acid is added and the mixture is boiled to the point of charring. 
After the flame is removed, 0.1 ce. of 60 per cent perchloric acid 
is added and the heating is continued with gentle boiling; if the 
mixture does not become clear after 3 minutes boiling, another 
0.1 ce. of perchloric acid is added. Boiling is continued until 
the volume of the mixture is reduced to approximately 0.2 cc. 
The tube is allowed to cool and the contents are quantitatively 
transferred into a 15 ec. Pyrex centrifuge tube by rinsing with 
four consecutive 1 cc. portions of water. 1 drop of methyl red 
indicator is added and the pH adjusted to approximately 5 with 
1 n sodium hydroxide; a final adjustment is made to pH 5.2 to 
5.4 with 0.1 N sodium hydroxide. The final volume of the fluid 
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should be approximately 5 cc. The solution of the ash is chloride- 
free, owing to the action of the nitric acid used in the ashing 
procedure. 

Precipitation of Silver Potassium Cobaltinitrite—The 5 cc. of 
protein- and chloride-free solution prepared either by deproteini- 
zation or by wet ashing are now ready for the precipitation of the 
potassium. If the filtrate represents 0.5 cc. of serum (1:10 dilu- 
tion), 0.5 cc. of 0.2 m silver nitrate is added. If the protein-free 
filtrate corresponds to 1 cc. of serum (1:5 dilution), the excess 
silver left in solution after the removal of the chloride is so great 
that it necessitates diminution of the added silver to 0.45 cc. On 
the contrary, for solutions obtained by the wet ashing procedure, 
the amount of 0.2 m silver nitrate is increased to 0.6 ec. For 
the rest, the technique and all the experimental conditions in 
this and the ensuing operations connected with the precipitation 
and separation of the silver potassium cobaltinitrite compound 
are identical with those which were followed when pure potassium 
solutions were used. 

Manometric Determination of Nitrite—The manometric deter- 
mination of nitrite in these precipitates does not differ from the 
procedure described for precipitates obtained from pure potassium 
sulfate solutions. The method of calculation is as follows: 
Py, = P; — Po. (To simplify calculations we reduce all pressure 
readings to 298° absolute scale.) The factor by which Py, is 
multiplied to obtain mg. of potassium in the sample analyzed is 
0.001128. This factor was obtained as follows: The silver potas- 
sium cobaltinitrite reaction product of constant composition was 
found to give 3.723 moles of Nz for each equivalent of potassium. 
From Table 30 of Peters and Van Slyke one obtains the factor 
for calculating mm of N, per liter from analysis of 1 cc. samples 
in 2 cc. volume at 25°. This factor is 0.1074; 0.1074 + 3.723 = 
0.02885; 0.02885 x 39.1/1000 = 0.001128. 

Titrimetric Determination of Silver—The titrimetric procedure 
is identical with that described for precipitates obtained from 
pure potassium sulfate solutions. The result is calculated on 
the basis that the amount of silver which is precipitated with 
0.1 mg. of potassium requires for its titration 1.06 cc. of 0.0025 m 
thiocyanate (see Fig. 1). Hence, (7 X 0.1)/1.06 = mg. of potas- 
sium, where 7’ repregents the titration value in cc. If the amount 
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of serum analyzed is 0.5 cc., then potassium per 100 cc. of serum = 
(T X 0.1 X 100)/(1.06 XK 0.5) = 18.87 X T; that is to say, the 
titration value multiplied by the factor 18.87 gives in mg. the 
potassium content of 100 cc. of serum. 


TaBie I 


Comparative Serum Potassium Determinations by Manometric Nitrite and 
Titrimetric Silver Procedures 








Potassium per 100 cc. 








Sample No. = a | 
Manometric Titrimetric 
mg. | mg. 
1 | 18.9 18.7 
2 | 18.2 18.3 
3 19.5 19.3 
4 24.0 23.8 
5 24.5 24.1 
TaBLe II 


Comparative Potassium Determinations on Blood Serum by Silver Potassium 
Cobaltinitrite Method, with 0.6 cc. of Serum, and Chloroplatinate 
Macromethod of MacKay and Butler, with 10 Cc. of Serum 














Silver potassium cobaltinitrite method Chloroplatinate macromethod 
Bad at ae "ag, gar 88000. = a ge ide. 3 
23.6 23.9 
20.6 20.4 
22.9 22.6 
19.8 19.5 
Accuracy of Method 


Comparison of Gasometric and Titrimetric Determination—In 
Table I are presented comparative serum potassium values ob- 
tained by parallel determinations of the nitrite and silver content 
of the precipitates. As may be seen, the agreement between the 
two sets of results is satisfactory, so that the two procedures are 
practically interchangeable. For our own part we prefer the 
gasometric technique for its precision; the titrimetric technique, 
on the other hand, is more rapid and easier to perform. 

Comparison with Chloroplatinate Method—The data given in 
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Table II show the accuracy of our method as compared with a 
reliable chloroplatinate macromethod as described by MacKay 





























Taste III 
Recovery of Potassium Added to Blood Serum (Mg. per 100 Cc. of Serum) 
Potassium added Potassium found | Potassium recovered 
0 18.3 0 
5 23.2 4.9 
10 | 28.0 | 9.7 
15 33.5 | 15.2 
20 38.7 20.4 
25 | 43.0 24.7 
TaBie IV 
Serum Potassium Content of Normal Subjects 
Subject | Age Sex | Serum potassium Subject | Age | Sex (Serum potassium 
Setig “tent” | meg. | | | "0 m.09 
V.P. | 19 | F. | 20.1 | 5.14 /T.W. | 30 | M. | 19.6 | 5.01 
uF. | 19 | “ | 20.1 | 5.14/E.8. | 21 | “ | 19.8 | 5.06 
A.C. | 18 | “ | 19.4 | 4.96 /A.T. | 22 | F. | 19.4 | 4.96 
B.M. | 18 | “ | 18.0 | 4.60) B.C. | 35 | “ | 19.5 | 5.00 
C.F. | 21 | “ | 18.5 | 4.73 /C.W. | 45 | “ | 19.7 | 5.08 
cC.8. | 18 | “ | 196 | 5.01 /E.R. | 2 | “ | 18.7 | 4.78 
W.R. | 22 | M. | 18.0 | 4.60 | F.S. | 24 | M. | 20.2 | 5.16 
w.s. | 5 | “ | 19.7 | 5.03 |/Lw.| 4 | “ | 18.6 | 4.75 
AK. | 2 | “ | 20.2 | 5.16 | H.W. | 24 | F. | 18.1 | 4.62 
uD. | 19 | F. | 185/47 /A.L | 4] “ | 20.2 | 5.16 
E.K. | 30 “ | 20.6) 5.26|W.I. | 23 | M. | 19.3 | 4.93 
H.W. | 19 | “ | 18.0 | 4.60 /)A.G. | 21 “ | 18.4 | 4.70 
M.S. | 55 | M.| 18.2 | 4.65 |C.B. | 2 | F. | 18.5 | 4.73 
DE. | 27 | “ | 19.1 | 4.88 |G.8. | 33 | M. | 18.7 | 4.78 
A.H. | 19 | F. | 18.2 | 465 | B.L. | 19 | F. | 19.3 | 4.93 
MB. | 19 “ | 18.3 4.68|F.W.| 38 | “ | 18.9 | 4.83 
BT. | 20 | “ | 19.0 | 485/E.D. | 32 | “ | 18.9 | 4.83 
H.R. | 21 | M./| 20.3 | 5.11 |D.D.| 2 | “ | 19.0 | 4.85 
DN. | 0 | “* | 18.0 | <a |—— \_——— 
M.H. 18 F. | 18.4 4.70 Minimum. ....., 18.0 | 4.60 
8.G. | 42 M. | 19.9 5.08 | Maximum..........| 20.6 | 5.26 
D.C. | 2 | “ | 19.4 | 4.96 | Average............| 19.3 | 4.93 


| 


| 


and Butler (10). In this group of determinations we used the 
gasometric technique. 
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Recovery Experiments—In a procedure which involves depro- 
teinization or ashing, the recovery of known amounts of added 
potassium is evidence that no losses have occurred in these opera- 
tions. As shown by the figures in Table III, our method is satis- 
factory in this respect. 


Potassium Content of Serum of Normal Human Subjects 


In Table IV are recorded serum potassium values of forty 
healthy individuals. The subjects were members of the hospital 
staff—nurses and internes—on most of whom we have in the 
past performed various blood analyses. These data, as well as 
the physical condition of the subjects, justified their classification 
as healthy normal individuals. 

As may be seen, the range of variations, 18 to 20.6 mg. per 
cent (average, 19.3 mg. per cent), is quite narrow. This is at 
variance with the wide range of values to be found in the literature, 
which we discussed in a recent paper (1). To cite a characteristic 
example, Jellinek and Looney (11), who used the analytical method 
of Breh and Gaebler, gave the normal variations as ranging from 
14.3 to 22 mg. per cent. Since these workers used meticulous 
care in the selection of their subjects and other experimental con- 
ditions, we ascribe the wide range of their figures to inadequate 
analytical technique. 
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ELECTROKINETIC ASPECTS OF SURFACE CHEMISTRY 


VI. THE INTERACTION OF GELATIN WITH CASEIN AND EGG 
ALBUMIN AT SURFACES 


By LAURENCE 8. MOYER anp ELSIE Z. MOYER 


(From the Department of Botany, University of Minnesota, Minneapolis, 
and the Biological Laboratory, Cold Spring Harbor, New York) 


(Received for publication, October 19, 1939) 


Although the investigation of the electrokinetic properties of 
purified proteins in solution and at surfaces has produced con- 
siderable information concerning the effects of adsorption, and 
the net charges and shapes of the molecules, as discussed in Papers 
I to V of this series (1—5) and elsewhere (6-8), little is known about 
film formation on surfaces when particles are placed in solutions 
of mixed proteins. It is this complication, however, which is 
frequently encountered in biological systems. For instance, it 
was found by Moyer (9) that latex particles from Euphorbia and 
Asclepias possess specific surfaces dependent on the species. 
Their electric mobility-pH curves fell into definite families of 
characteristic shapes, permitting a classification of species on the 
basis of the electrophoretic behavior of their latex particles in 
buffer solutions. This classification agreed ciosely with the ar- 
rangement already determined by taxonomists. Although certain 
of these species yielded curves whose shape and position indicated 
latex particles naturally coated with a single protein, the majority 
were of a complex form, suggesting that the surfaces in these 
eases had been formed by the adsorption of one protein with 
others or with other substances, such as sterols (10). 

Selective adsorption of an active substance on particles placed 
in biological mixtures, such as extracts of allergenic pollens, 
enzymes, or hormones, and the electrokinetic behavior of these 
films are problems needing considerable clarification. Abramson, 
Sookne, and Moyer (11) have shown that quartz particles placed 
in dialyzed ragweed pollen extracts adsorb a protein-like con- 


357 











358 Surface Interaction of Proteins 


stituent capable of forming wheals on the skin of sensitive subjects 
but more work must be done before the nature of these films is 
made completely clear. 

Furthermore, problems involving the behavior of surfaces in 
such complex mixtures as milk or blood serum, to name a few 
additional examples, frequently arise. Obviously, an analysis 
of the behavior of pure proteins in mixtures would be of consider- 
able interest in the elucidation of the behavior of these systems, 
This and subsequent communications will attempt to throw 
light on the mechanism of film formation under these conditions 
by a comparison of the electrophoresis of microscopic particles 
in solutions of purified proteins and in mixtures. 

In 1910 it was reported by Michaelis and Davidsohn (12) 
that the electrophoretic isoelectric point of oxyhemoglobin in 
solution was unaffected by the addition of 1 per cent serum al- 
bumin. They found that the pH of maximum flocculation in 
mixtures of two proteins lay between the value for either protein 
in the pure state when interaction occurred between proteins but 
that when there was no interaction two maxima were found at 
pH values corresponding to the maxima for the two proteins in 
pure solution. Later experiments by Tiselius (13), Tiselius and 
Horsfall (14), and others revealed that the electric mobility of 
_a protein may be nearly unaffected by the presence of other proteins 
in the same solution. In mixtures of serum albumin and thymo- 
nucleic acid, it appears that the bilirubin normally attached to 
the albumin tends to shift its attachment to the thymonucleic 
acid (15) but, in general, disso!ved protein molecules do not seem 
to interact very much unless they are of high charge and opposite 
sign under conditions where coacervation is encountered (16). 
It seems that this behavior is in keeping with experiments showing 
the inability of iodine to react with dissolved saponarin or starch 
unless a surface is present (17). 

Bondy and Freundlich (18) have isolated two proteins from 
Hevea latex. Although quartz coated with either protein gave 
a smooth mobility curve, when quartz suspensions were added 
to a mixture of these proteins, the resultant curve showed clearly 
by its complex shape that both proteins were adsorbed. This 
curve agreed quite well in its general appearance with that for 
the natural latex particles. 
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It has been shown that pepsin is adsorbed by edestin (19), 
by fibrin (20), and by casein and denatured egg albumin (21, 22). 
This combination is restricted, at least in the case of egg albumin, 
to certain acid pH values (21). 

Ultrafiltration experiments by Risse (23), using membranes 
impregnated with gelatin, indicate that hemoglobin is not ad- 
sorbed by gelatin, although some of his data may be complicated 
by the fact that he used alkaline solutions of proteins for coating 
his membranes, at pH values where the tendency for adsorption 
might have been lessened. Harvey and Danielli (24) mention 
that ovalbumin displaces films of pepsin on a surface trough. 
Bull and Neurath (25) have found that the surface denaturation 
of egg albumin by shaking is unaffected by the addition of gelatin 
to the solutions. The foregoing experiments, together with others 
by Langmuir and Schaefer (26), indicate (1) that one protein 
may replace another at a surface, (2) two proteins may be adsorbed 
as a mosaic, or (3) one may or may not coat the other, depending 
upon the proteins involved and the conditions. 


Methods 


Protein Preparations—An egg albumin preparation used in 
Paper I of this series (1) was also used here. This had been 
crystallized four times from sodium sulfate by the method of 
Kekwick and Cannan (27) and had a gold number greater than 
7 (1). Solutions were dialyzed until free from sulfate. The 
gelatin preparation had also been used before (4). This was 
electrodialyzed. The casein was prepared by the method of Van 
Slyke and Baker (28) and electrodialyzed.' It was brought into 
solution by trituration in a mortar with a small quantity of water, 
followed by the addition of sufficient 0.1 Nn NaOH to bring the 
solution to pH 7 (29). All protein solutions were kept in a clear 
state by filtration through quantitative filter paper (Whatman, 
No. 42). Unless otherwise stated, a constant amount of particles 
was added to the protein solutions, followed by the basic con- 
stituent of the buffer, then the acid, and lastly water to produce 
the desired concentrations. All measurements are at a constant 

' We are indebted to Professor L. 8. Palmer and Mr. C. L. Hankinson 


of the Division of Agricultural Biochemistry, University of Minnesota, 
for this sample of casein. 
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ionic strength, «4 = 0.02. The quartz and collodion particles 
have been described before (1). 

Electrophoresis Measurements—Two Abramson horizontal micro- 
electrophoresis cells were employed in accordance with techniques 
described in detail elsewhere (6, 30). These instruments yielded 
results which checked completely with data obtained on com- 
parable substances with the moving boundary method (3, 30). 
All measurements have been corrected to 25° (30). pH measure- 


+1.0F 


+ 
oO 
i) 

T 





pH 


P/SEC/VOLT/cM 
° 


i 
°o 
uw 





-LOr 


Fig. 1. The electric mobility of collodion particles in native egg albumin 
(smooth curve) and gelatin (©) solutions and in mixtures of the two at 
25°. w = 0.02 sodium acetate. ©, gelatin-coated collodion in albumin; 
@, albumin-coated collodion in gelatin; @, collodion in a mixture of albu- 
min and gelatin. 


ments were determined with a quinhydrone electrode which was 
standardized by an equimolar mixture of 0.1 m sodium acetate- 
acetic acid, pH 4.64 (31). 
EXPERIMENTAL 
Egg Albumin and Gelatin 


In Fig. 1 are shown the electric mobility curves of pure gelatin 
and egg albumin. The egg albumin curve is a smooth curve 
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drawn to fit previous data for adsorbed egg albumin on carbon, 
quartz, collodion, mineral oil, and glass particles (1). The gelatin 
curve was obtained by coating particles of quartz or collodion 
with gelatin solutions. Particles of collodion were next added 
to a 1 per cent solution of gelatin. After the coating had become 
complete, egg albumin was added, followed by sodium acetate, 
acetic acid, and lastly water to bring the final solution to a con- 
centration of 0.02 m sodium acetate, 0.1 per cent gelatin, and 0.5 
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Fig. 2. The electric mobility of quartz particles in surface-denatured 
egg albumin (A) and gelatin (©) solutions and in mixtures of the two at 
25°. w = 0.02 sodium acetate. ©, gelatin-coated quartz in albumin; 
@, albumin-coated quartz in gelatin; @, quartz in a mixture of surface- 
denatured albumin and gelatin. 


per cent egg albumin at the pH desired. These concentrations 
were chosen to make the results comparable with the data secured 
with gelatin or albumin alone and to insure complete coating. 
The results show that the gelatin surface was unaffected by the 
presence of egg albumin under these conditions. When the 
reverse experiment was performed, 1.e. coating the particles first 
with egg albumin, the result was the same, as indicated by Fig. 1. 
If a mixture of these two proteins was prepared and collodion 
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added (followed by the buffer constituents), the resultant surface 
film was likewise gelatin, as evinced by the congruence of these 
data with the gelatin curve. Use of carbon particles or mineral 
oil droplets instead of collodion in this last experiment yielded 
the same results. The behavior of quartz in a suspension of 
denatured egg albumin containing considerable amounts of unde- 
natured protein and in a mixture of this with gelatin, according to 
the outlines of the previous experiments, is shown in Fig. 2. Evi- 
dently denaturation before adsorption, although shifting the egg 
albumin mobility curve (1), does not change the effect of gelatin. 

Some experiments were done on the effect of altering the order 
of addition of the constituents, but no differences in behavior 
could be noticed. Measurements made after a wait of a few 
minutes or several hours at room temperature gave the same result 
in all these cases. 


Gelatin and Casein 


Fig. 3 presents the data for the electric mobility of particles 
of quartz or collodion coated with casein in the pH range 5.8 to 
7.8, where casein is soluble and the pH is not high enough to 
hinder adsorption. In addition, there is presented an extension 
of the pure gelatin curve shown in Figs. 1 and 2 up to pH 738, 
with both types of particles. Determinations were carried out 
in acetate and in Na,gHPO,-KH,PQ, buffers at the same constant 
ionic strength. The results indicate that the change in ionic 
species has little or no influence on the position of the curves 
at this ionic strength. 

Particles were next coated with casein and after a suitable 
time interval the buffer constituents were added, followed by 
gelatin and water to bring the concentrations to 0.02 m sodium 
acetate, 0.1 per cent gelatin, and 0.1 per cent casein. After 
several hours had elapsed, electrophoresis measurements were 
performed. It will be noticed (Fig. 3) that the results are nearly 
independent of the nature of the particle, and that the gelatin 
does not appear to influence the casein surface at these pH values. 
When particles were coated with gelatin first and then treated 
with casein at the same concentrations, the same time intervals 
being used, the results indicated by the lower dashed curve were 
found. It appears that the gelatin surfaces formed on these 
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particles were much more closely comparable with the pure gelatin 
surfaces than with the casein surfaces. Here too the nature of 
the particles seemed to have but little influence. If care was not 
taken to insure that the initial coating was complete by shaking 
the suspensions at intervals before equilibrium was reached, 
results tended to be less uniform. 

Mixtures of casein and gelatin solutions were prepared and 
particles added, followed by the buffer constituents. The meas- 
urements, made after several hours wait, are drawn as squares. 
In this case the particle surface has a slight influence on the results, 
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Fig. 3. The electric mobility of collodion and quartz particles in casein 
and gelatin solutions and in mixtures of the two at 25°. O, gelatin alone; 
@, casein alone; ©, casein-coated quartz in gelatin; @, casein-coated 
collodion in gelatin; ©, gelatin-coated quartz in casein; @, gelatin-coated 
collodion in casein; 0, collodion in mixtures of casein and gelatin; @, 
quartz in the same. Dashed lines have been drawn to indicate apparent 
shifts in behavior. Tagged circles represent measurements in acetate and 
untagged in phosphate buffers, » = 0.02. 


for the more hydraphobic collodion particles attained a casein 
surface, while the quartz particles were influenced slightly by 
the hydrophilic gelatin. It is evident from these experiments 
that the first protein reaching the surface determines the final 
result and that there is little tendency for one of these proteins 
to be adsorbed by or replace the other. 

Below pH 5.5, under the present conditions, casein is appreci- 
ably insoluble, down to about pH 3.5. If suspensions of casein 
particles are prepared by adding small amounts of casein solution 
to sodium acetate, followed by acetic acid to the desired pH, 
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finely divided casein sols are produced. The casein concentra- 
tion was, in general, 0.02 to 0.05 per cent. The curve shown in 
Fig. 4 indicates that such particles have a steep mobility curve 
and an isoelectric point between pH 4.5 and 4.6, in agreement 
with the results of Michaelis and Pechstein (32) and Loeb (33). 
In Fig. 4 are shown the results for particles coated with gelatin, 
isoelectric at pH 4.95. Casein particles were next produced 
by addition of buffer to the pH value desired, followed by the 
addition of gelatin to a concentration of 0.1 per cent. After 


+15- 





°o 


}\/SEG/ VOLT/ CM. 
S 
uw 


L 
°o 








-15- 


Fig. 4. The electric mobility of casein particles in the casein insolu- 
bility range (@), compared with the electric mobility of particles coated 
with gelatin (©) and in mixtures of the two proteins (©) produced by the 
addition of gelatin to the sol after adjustment of pH. The dashed curve 
indicates the behavior of casein particles in contact with gelatin at these 
pH values. 


several hours, measurements were carried out. The results are 
shown by the dashed line in Fig. 4. At pH values above 5.4, 
it is probable that the casein particles are nearly unaffected by 
gelatin, in view of the data in Fig. 3. Casein becomes so finely 
divided and soluble at pH values above 5.3 that it is exceedingly 
difficult to make measurements without use of dark-field illumi- 
nation. The two curves, however, seem to be approaching each 
other. When the pH was lowered to 5.2, a sudden change ensued 
in the mobility and between pH 5.1 and 3.9 the casein particles 
were coated with gelatin, as shown by the complete agreement of 
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their behavior with that of gelatin. Between pH 3.85 and 3.90, 
the curve suddenly shifted and below this value the surface was 
unaffected by the presence of gelatin. The particles again became 
difficult to see at more acid values than those presented here. It 
must be emphasized that these measurements were made by 
subjecting the casein particles to gelatin after the final pH of the 
solution was established. If, for instance, casein particles were 
formed at pH 3.95 and gelatin was added, further addition of acid 
to pH 3.7 did not produce desorption of the gelatin (the ionic 
strength being kept constant), for the mobility of the particles so 
treated agreed completely with that of gelatin at this pH. 


DISCUSSION 


Distinction must be made between the possibility of the first 
protein being replaced by the second and the first protein being 
coated by the second. Both processes could lead to the same 
result so that, in these experiments on coating particles first with 
gelatin or albumin and then subjecting them to the other protein, 
one cannot, a priori, decide which mechanism is operative. 

It is probable that gelatin cannot be adsorbed by egg albumin 
in solution, for the results of Bull and Neurath (25) show that 
gelatin is without influence on the extent or rate of surface de- 
naturation of egg albumin by shaking, at gelatin concentrations 
up to the gelling point. These results indicate, furthermore, 
that gelatin is replaced by and cannot replace egg albumin at an 
air-water interface. They found, moreover, that n-heptyl aleo- 
hol could inhibit surface denaturation of egg albumin completely. 
Bull and Neurath point out that gelatin is more hydrophilic than 
natural egg albumin and much more so than denatured egg al- 
bumin, so that it would tend to be drawn out of the surface and 
into the solution. Our results show that gelatin at a solid-liquid 
interface is not replaced by egg albumin. If, however, egg al- 
bumin is initially present at the solid surface, gelatin will be ad- 
sorbed. It seems likely that gelatin is irreversibly adsorbed to 
a certain extent, for it has been found that much more uniform 
coating is attained on particles when they are exposed to 1 per 
cent gelatin followed by dilution to 0.001 per cent rather than 
by initial exposure to the dilute solution (4). In addition, Zsig- 
mondy (34) found that 0.015 mg. of gelatin in 23 ce. of water did 
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not protect 10 ce. of gold sol, but the same amount of gelatin 
in 3 ee. of water added to 10 cc. of gold sol, followed by dilution 
to the same volume, exerted a protective action. 

The electrophoresis curve for egg albumin adsorbed on inert 
particles is shifted upward on the pH scale parallel to that for 
dissolved egg albumin. Its position is intermediate between the 
mobility of the dissolved protein and the curve for particles of 
surface-denatured albumin produced by shaking. It has been | 
suggested by Abramson, Gorin, and Moyer (8) that adsorbed egg 
albumin may be “partially denatured.”’ Risse (23) has found that 
adsorption of egg albumin on collodion membranes is maximal 
at the isoelectric point but that the presence of traces of denatured 
material (cloudiness) produced minimal adsorption at the iso- 
electric point. These results and the clear difference between the 
adsorbed native and surface-denatured electrophoresis curves 
suggest that the two surfaces are not quite the same.? Crowther 
and Liebmann (36) have recently reported that the ¢ potential 
of egg albumin after adsorption on particles is unaffected by y 
irradiation, whereas it is definitely altered if the egg albumin is 
irradiated before addition of the particles. This also suggests 
that egg albumin is changed by adsorption on a solid surface. 

The experiments of Lindau and Rhodius (37) indicate that at 
least the innermost layer of egg albumin is adsorbed irreversibly 
by quartz. In addition, Bull (38) has found that a solution of 
egg albumin in contact with a rotating smooth glass surface does 
not exhibit progressive denaturation. It is probable, therefore, 
that egg albumin is likewise held and altered to a certain extent 
by adhesion to the solid surface. Of the two possibilities, replace- 
ment by gelatin or double coating, the latter seems more prob- 
able. The alteration of the egg albumin by its adhesion to the 





? Neurath and Bull (35) have suggested that a gentle washing of the 
particles coated with adsorbed egg albumin might remove a partial coating 
of undenatured protein and expose an inner layer of completely denatured 
material, isoelectric at pH 5.0. As stated in the original paper (1), this 
experiment was attempted, with the result that the particle mobilities 
became extremely irregular, indicating that under this treatment the sur- 
face film is no longer complete. The uniformity of the résults for the native 
albumin, based as they are on five kinds of inert particles and five egg 
albumin preparations, argues against their explanation for the intermediate 
position of the curve. 
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surface might permit gelatin to adsorb on it, whereas this might 
not be true at an air-water interface. That particles of heat- 
denatured egg albumin, at least, can become coated with gelatin 
was shown by denaturing egg albumin with heat at pH 3.0, 
raising the pH until coagulation ensued, and adding some of these 
particles to gelatin, whereupon they assumed the mobility of the 
gelatin. 

If one protein, A, is permitted to coat the surface of an inert 
particle which is then exposed to a second dissolved protein, B, 
without removal of the excess of A from the dissolved phase, the 
extent of adsorption of B should be influenced by (1) adhesive 
forces holding A to the particle, (2) possible attractive forces* 
between B and the particle or between A and B, (3) forces arising 
from the ¢ potentials of the surfaces involved, (4) the hydration of 
the particle and the proteins, and (5) their concentrations. The 
possibility of attractive forces operating between the underlying 
surface of a particle coated with protein A and molecules of pro- 
tein B in solution can be neglected because of the distances in- 
volved. If, however, protein A were adsorbed reversibly, such 
forces between the particle and B could play a réle. The elec- 
trical factors will be repulsive or attractive, depending on the signs 
of the surfaces. Hydration will presumably act as a repulsive 
force (16). The net result will depend on the differences among 
these various factors. 

When particles are added to a mixture of the two proteins, the 
situation is different from the above case, for in this instance there 
is a chance for competition between the proteins in their diffusion 
to the surface. In general, the final result will depend upon the 
factors mentioned above and also upon differences in the diffusion 


_ constants of the 2 molecules. In the case of gelatin and egg al- 


bumin, at the concentrations we employed, there appear to be 
the following alternatives: (1) the net attractive forces between 
these proteins and the particles employed are greater for gelatin 
than for egg albumin, (2) egg albumin reaches the surface first 
and is altered (possibly by dehydration) so that it attracts gelatin, 
or (3) gelatin is able to reach the surface first. In any event it 
seems likely that adsorbed gelatin exerts little or no net attraction 


* For simplicity, no distinction has been made here between the diverse 
natures of various attractive forces. 
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on dissolved egg albumin but we cannot decide from the present 
data which of these three possibilities is the one of major 
importance here. 

These results are quite different from those found with particles 
in the presence of casein and gelatin. For, in this latter group of 
experiments, when one protein had been adsorbed, the other could 
not affect the electric mobility to any marked extent. In a mix- 
ture of casein and gelatin, when particles are introduced, casein 
undoubtedly arrives at the surface before gelatin at these con- 
centrations, for, if gelatin reached there first, the resultant mo- 
bility of the particle would presumably be that of gelatin and not 
casein. 

The remarkable influence of pH on the adsorption of gelatin 
by casein particles (Fig. 4) can hardly be adequately explained 
by invoking the phenomenon of coacervation, for a complete 
coating of gelatin is attained on the basic side of the isoelectric 
point. At this pH both casein and gelatin are negative. In the 
pH range between the two isoelectric points there is a difference 
in the sign of charge and electrical attraction might be expected. 
Yet this would be an attraction between a solid particle and dis- 
solved protein, whereas coacervation usually refers to the inter- 
action of two sols, resulting in the separation of liquid droplets 
(16). No such effect was seen here. Below pH 4.6 both particle 
and gelatin are negative; yet gelatin is adsorbed down to pH 3.9. 

It seems more likely to us that this behavior involves the in- 
teraction of specific groups on the gelatin and casein which are 
only available in the pH range over which coating by gelatin oc- 
curs. That the gelatin is not in reversible adsorption equili- 
brium with the casein is suggested by the fact that once gelatin 
has formed a film at pH 4.95, it does not tend to be desorbed when 
the pH is lowered to pH 3.7. Such irreversible phenomena pre- 
sumably involve rather large changes in free energy. Since under 
the present conditions fe rarely exceeds kT (6, 7), electrostatic re- 
pulsion would be expected to have but little influence in producing 
the present results. These interactions between gelatin and casein 
particles shown in Figs. 3 and 4 may be slowly reversible in some 
instances but no detectable progressive changes were noticed 
within the period of several hours after the solutions had 
attained apparent equilibrium. 
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Alexander and Bullowa (39) have reported that gelatin inhibits 
the acid flocculation of casein sols. We have confirmed this by 
experiments at 25° and, in the light of our electrophoretic results, 
it seems to be due to the gelatin coating which casein sols assume 
in the pH range on either side of the isoelectric point of casein. 
That gelatin will not affect casein very markedly at the pH value 
of milk seems probable from our experiments in Fig. 3. Alexander 
and Bullowa have claimed that gelatin inhibits rennet action and 
tends to soften the curds so formed. Palmer and Richardson 
(29) have found, however, that gelatin does not have this effect 
at 40° and Olsen (40) has shown that, while the effect noticed 
by Alexander may be encountered at 25°, it disappears at 37° 
both in vitro and in the stomach. These last results seem more 
in keeping with our findings. 


SUMMARY 
1. The interaction of gelatin with casein and egg albumin at 
surfaces has been investigated by means of electrophoresis 
measurements. 


2. When particles of collodion are coated with gelatin or egg 
albumin and then placed in contact with the other protein in 
the dissolved state, the particles assume a gelatin surface in 
respect to their electric mobilities. 

3. Particles of carbon, quartz, collodion, or mineral oil placed 
in a mixture of egg albumin and gelatin likewise became coated 
with gelatin. 

4. These same results were found when the egg albumin solu- 
tion contained surface-denatured egg albumin and the particles 
were quartz. 

5. In the system, casein-gelatin, over the range between pH 
5.8 and 7.8, the resultant surface seems to be determined by the 
} protein which is permitted to coat the particles first. In mixtures 
of the two proteins to which particles of quartz or collodion were 
added, the casein seems to diffuse more rapidly to the surface and 
prevent the adsorption of gelatin for the most part. 

6. Particles of casein itself, in the pH range where casein is 
insoluble, are not influenced much by gelatin except over a pH 
range which extends from pH 5.2 (slightly above the isoelectric 
point of gelatin) to 3.7 (a value below the isoelectric point of 
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casein). In this range casein becomes completely coated with 
gelatin. 

7. The nature of the mechanisms involved in the interaction of 
these proteins is discussed together with their biological 
significance. 


We wish to thank Dr. M. H. Gorin for his helpful suggestions. 
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ELECTROKINETIC ASPECTS OF SURFACE CHEMISTRY 


VII. THE ELECTROPHORETIC BEHAVIOR OF MICROSCOPIC 
PARTICLES IN THE PRESENCE OF HORSE, HUMAN, OR 
RABBIT SERUM* 


By LAURENCE 8S. MOYER anv ELSIE Z. MOYER 


(From the Department of Botany, University of Minnesota, Minneapolis, 
and the Biological Laboratory, Cold Spring Harbor, New York) 


(Received for publication, October 19, 1939) 


The nature of cell surfaces when in contact with serum has been 
the subject of a number of investigations. As discussed by 
Abramson (2), these investigations extend over a wide range, 
including such topics as the adsorption of isoagglutinins by red 
cells, the surfaces of blood cells and bacteria, the FAhraeus phe- 
nomenon, and the nature of the chylomicron surface in serum. In 
this field it has often been found that adsorbed films of serum 
protein may play an important rdle. 

Tiselius (3) has recently shown by the moving boundary method 
of electrophoresis that horse serum is composed of a mixture of 
serum albumin and at least three globulins which exhibit different 
electric mobilities. On isolation of these proteins in the pure state 
by these techniques, he was able to show that their mobilities 
were very nearly the same as in dilute serum before separation. 
This indicates that serum is a mixture of well defined protein 
components. Stenhagen (4) has performed a similar analysis 
of human plasma. 

Before an attempt is made to determine the nature of the sur- 
face films in those cases mentioned above in which film formation 
is involved, it seems necessary to investigate the composition of 
films produced on suspensions of inert particles, such as quartz, 
glass, mineral oil, or collodion, in serum from several animals 
and to compare these surfaces, when possible, with the films 


* A preliminary account of some of these results was presented by one of 
us at the symposium of the Faraday Society on the ‘‘Double layer’’ (1). 


373 














374 Electrophoresis of Particles 


formed on these particles when in contact with the isolated 
serum constituents. This may readily be done by the microscopic 
method of electrophoresis (2, 5). By this technique it has been 
found that such particles when placed in pure protein solutions 
adsorb the protein and assume a common electrophoretic mobil- 
ity in all the cases so far investigated. This mobility agrees, in 
most instances, with the mobility of the dissolved protein mole- 
cules (2, 6, 7). For instance, the electric mobilities of adsorbed 
and dissolved serum albumin and of pseudoglobulin were found to 
be nearly identical (8). When, however, the protein solutions are 
mixtures of two components, the results vary, depending upon 
the proteins involved and upon the nature of the particle to a 
certain extent (9). We have found (9) that in some cases the 
acquired film appears to be a mosaic but in others its outer sur- 
face is composed almost exclusively of one or the other constit- 
uent. This appears to be due to the replacement of one ad- 
sorbed protein by the other or to the formation of a layer of the 
one protein on top of the other. 

Davis (10) has investigated the electrophoresis of glass par- 
ticles in serum and finds that these adsorb protein over the range 
pH 2.0 to 8.0 (the range investigated) becoming isoelectric at pH 
4.5 in solutions of sufficient concentration to have produced com- 
plete coating. His work, however, was not done with the tech- 
nical refinements available today. In a more complete investi- 
gation, using human and rabbit serum, Abramson (11) found that 
a serum concentration of approximately 1:10,000 was suffi- 
cient to produce a complete coating on the surfaces of glass, 
quartz, and mineral oil particles over the range pH 3.6 to 9.3, 
and that, once sufficient protein was present to produce a com- 
plete film, the mobility remained unchanged on further addition 
of serum to a concentration of 1:50. He found with human 
serum! that quartz particles and mineral oil droplets assumed an 
isoelectric point between pH 4.7 and 4.8 in a 1:50 serum dilution 
and an ionic strength of approximately 0.07. Over the range 
pH 3.6 to 6.0, no differences were observed between the mobilities 
of these two types of particles in human serum under these condi- 


' The serum used was not explicitly stated. In a personal communica- 
tion, Professor Abramson states that he used human serum in this ex- 


periment. 
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tions. Abramson suggests that this isoelectric point possibly 
indicates that ‘‘the final surface layer seems to consist chiefly of 
serum albumin, if the experimental isoelectric point be taken 
as the criterion defining the nature of the adsorbed protein. 
Whether a globulin surface is first formed and is subsequently 
covered by albumin must be decided by experiments with puri- 
fied serum proteins.” 

Kekwick (12) has shown that two crystalline forms of horse 
serum albumin can be isolated by precipitation with Na,SO,. 
He finds that these components have slightly different crystal forms, 
those of albumin A being somewhat smaller than albumin B. 
Albumin A is pigmented, with a higher carbohydrate content, 
whereas albumin B is virtually colorless and low in carbohydrate. 
Both showed the same molecular weight, diffusion constant, and 
sedimentation constant within the limits of error. Kekwick 
found no difference in the electric mobilities of the two albumins 
in the Tiselius moving boundary instrument over the pH range 
4.2to 5.5. As pointed out before (6), his electrophoretic mobility 
curve, at » = 0.02, agrees very well with the moving boundary 
data of Tiselius and the results for adsorbed serum albumin ob- 
tained by Abramson (2) and Moyer (8).? 

In the present publication, we shall discuss our findings on the 
proteins responsible for film formation on particles in serum, the 
effect of the buffers, and the influence of time on adsorption 
under these conditions. The mechanisms involved in the forma- 
tion of the surface layer will form the subject of a subsequent 
communication. 


Methods 


Serum Samples—Horse, human, and rabbit sera’ which had 
been obtained by clotting fresh blood were centrifuged to remove 


* Since the completion of the investigations described here, McMeekin 
(13) has reported on the fractionation of serum albumin but does not give 
data to show the relationship of his two carbohydrate-free components 
to the albumins of Kekwick. 

* We are greatly indebted to Dr. W. L. Boyd, Dr. M. H. Roepke, and 
Dr. Lucille M. Bishop of the Division of Veterinary Medicine, University 
of Minnesota, and to Dr. Eric Ponder, of the Biological Laboratory, for 
the serum samples used in this investigation. 
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traces of fibrin and blood cells. For electrophoresis, the particles 
were usually placed in contact with a small amount of whole 
serum. After a sufficient period of time had elapsed to produce 
complete coating, buffer solutions and water were added to give 
a 1:50 dilution of serum and an ionic strength of 0.1. The quartz 
and collodion particles were the same as those described 
before (14). 

Protein Preparations—The procedure described by Kekwick 
(12) was followed to produce the albumin components. Two sets 
of preparations isolated from horse sera from different sources 
were used with no detectable difference in the results. In view of 
the alterations in serum noticed by Tiselius (3) after lipid extrae- 
tion with alcohol-ether, only fresh untreated serum which had 
been centrifuged was used. Although not mentioned by Kekwick, 
it was found that after the crystals of albumin A and B had been 
separated and redissolved by his technique, adjustment to pH 
4.8, before addition of salt for recrystallization, frequently pro- 
duced the formation of an amorphous precipitate. We found that 
this precipitate could be filtered off and, on careful addition of 
the Na,SO, to the filtrate until opalescence appeared, the albumin 
would crystallize. The nature of the amorphous material was 
not determined. Kekwick has suggested that at least one more 
non-dialyzable material of high carbohydrate content aside from 
albumins A and B must be assumed to be present, so that this 
material could be some of this. Our preparations of albumin A 
and B agreed in crystal appearance and color with those of Kek- 
wick. They were crystallized three or four times and the final 
solutions were dialyzed against distilled water until no precipitate 
was produced by BaCl, when the water was tested. 

The globulin fraction produced by the initial precipitation of the 
serum was redissolved and, without adjustment of pH, was repre- 
cipitated with Na2SO, a number of times. No attempt was made 
to separate the various globulins present in the solution. It was 
then dialyzed against 1 per cent NaCl until free from sulfate. 
Particles were coated by exposure to the stock protein solutions, 
followed by dilution to the desired concentration. It has been 
our experience that use of (NH,)2SO, as a crystallizing salt pro- 
duces albumin crystals more easily but it has been found much 
more difficult to bring such preparations to the high degree of 
purity needed for microelectrophoresis measurements. 





ole 
uce 
ive 
rtz 


ick 


RB 
- 


=a oT = 








L. 8. Moyer and E. Z. Moyer 377 


Electrophoresis Measurements—A horizontal Abramson micro- 
electrophoresis instrument was used in accordance with our usual 
techniques (15). The plaster of Paris plugs covering the elec- 
trodes of this instrument make possible the investigation of solu- 
tions of high ionic and protein concentration. The instrument 
was cleaned frequently by the use of molar NaOH followed by 
dilute acid and water. pH measurements were made with a quin- 
hydrone electrode standardized against the buffers described by 
MacInnes, Belcher, and Shedlovsky (16). For the determina- 
tion of field strength, the specific conductance of each solution 
was measured by a Wheatstone bridge. All data have been cor- 
rected to 25°. 


EXPERIMENTAL 
Horse Serum 


The curves in Fig. 1 show the electrophoretic mobility of ad- 
sorbed protein constituents of horse serum. The upper curve 
shows the behavior of quartz or collodion particles in 0.3 per cent 
globulin solutions. These data are quite similar to previous data 
(17) secured in this manner at a concentration of 0.1 per cent but 
the present results are more uniform. The isoelectric point in 
both cases lay at pH 5.0. It is probable that one constituent of 
this globulin mixture is being selectively adsorbed on the particles. 
It would be of interest to extend these investigations by isolating 
the various proteins either electrophoretically (3) or by the iso- 
electric precipitation method of Green (18). Although Tiselius 
has isolated globulin components, his measurements were made at 
the same ionic strength but at 0°. The viscosity is the factor 
chiefly affected by temperature (2) but it is not the only one. If 
his data are recalculated to 25° by adjustment of the viscosity 
(although such a great adjustment is by no means free from ob- 
jection), our results appear to lie closest to his for globulin a. 
The isoelectric point of his globulin a at 0° was pH 5.06. 

The lower curves in Fig. 1 are our data for the mobility of al- 
bumins A and B at a concentration of 0.1 per cent. These data 
are not directly comparable with those of Kekwick because of the 
difference in ionic strength (held at 0.1 instead of 0.02 to keep the 
globulins in solution when present) but they do show that there 
is no significant difference in the behavior of the two proteins 
over the range he investigated, pH 4.2 to 5.5. A few points 
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measured at » = 0.02 showed that our present preparations agreed 
completely with those previously reported (2, 6, 8, 12, 17). Be- 
low pH 4.2 and above pH 5.5 (Fig. 1), the differences in mobility 
are quite definite.‘ This was shown by both of our sets of prepa- 
rations. In addition, data of Moyer and Abramson (17) for a 
preparation of serum albumin isolated by Moyer (8) are plotted 
for comparison. No attempt had been made to isolate the 
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Fic. 1. The electric mobility of horse serum proteins adsorbed on quartz 
or collodion at an ionic strength of 0.1. AA, preparations of Kekwick’s 
albumin A; O@@, preparations of his albumin B; 0, total globulin. The 
albumins were at 0.1 per cent and the globulin at 0.3 per cent. Smooth 
curves have been drawn by eye to fit the points. 


constituents; yet the curve agrees completely with the present 
data for albumin B. Moyer used Na,SO, as a crystallizing salt, 
followed by extraction of the initial batch of crystals with water 
at refrigerator temperature before the refinements introduced by 


* Luetscher (19) has recently reported that the two horse serum albumins 
isolated by the method of McMeekin show a difference in electric mobility 
at pH 4.0 but not at pH 7.4. Human serum albumin which had been ery- 
stallized also showed two boundaries of different mobility in the Tiselius 
instrument at pH 4. 
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Kekwick had been published. An essential part of Kekwick’s 
method of separating albumins A and B is the extraction of 
the crystals at 2°, at which temperature albumin B is more soluble. 
It is therefore probable that Moyer had unintentionally isolated 
albumin B. 

Albumin B has a definitely higher mobility than albumin A at 
either end of the range. Comparison of our results with those of 
Tiselius (3) indicates that the single, yellow serum albumin, which 
he isolated electrophoretically and which occurs in the serum, 
agrees closely with our data for albumin A, the component with the 
yellow color and higher carbohydrate content. In agreement with 
Tiselius, we find that no appreciable difference is produced in 
these results by a change in the ionic species of the buffer system. 
The data below pH 5.8 were secured in acetate buffers and above 
this value in phosphates at the same ionic strength. Of course, 
a shift in the total ionic strength will affect both the mobility and 
the isoelectric point (2,6, 7). The isoelectric point of all our prep- 
arations of albumins A and B had the same value, pH 4.75, at 
this ionic strength. ‘Tiselius (3) reports a value of pH 4.64 for 
albumin in solutions of the same ionic strength but at 0°. 

Quartz and collodion particles and mineral oil droplets were next 
placed in whole serum and, after a sufficient time had elapsed 
for coating, these serum suspensions were then diluted to 1:50. 
In Fig. 2 is shown the electrophoretic behavior of these particles. 
It is clear that the electric mobility of quartz is quite markedly 
higher than mineral oil or collodion, which follow the same curve. 
Evidently these latter particles have adsorbed a different constit- 
uent than that taken up by the quartz. No differences could be 
found between the behavior of serum samples from different 
sources. The smooth curves in Fig. 2 are taken from the data 
in Fig. 1 for the electrie mobility of the separated fractions. 
The curve in Fig. 2 which fits the data for quartz particles is that 
of albumin A. It will be noticed that the fit is quite good, except 
for a slight divergence on the acid side of the isoelectric point, 
indicating that quartz placed in serum adsorbs a film of albumin 
A. Tiselius has found that the electric mobilities of the serum 
proteins in the isolated state are slightly different from their 
mobilities when in serum, so that the shift may possibly be as- 
cribable to this. The upper smooth curve which fits the data for 
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mineral oil and collodion is the smooth curve from Fig. 1 for glob- 
ulin. It thus seems that the hydrophilic quartz adsorbs the 
more hydrophilic serum albumin, while the hydrophobic mineral 
oil and collodion surfaces become coated with the relatively hy- 
drophobic globulin. This is corroborative evidence that serum 
consists of definite constituents which correspond in their behavior 
to components isolated by chemical treatment. Although some ex- 
periments with other types of particles> were attempted, no trace 


+O6F 


2) 


+03 





/SEC/VOLT/ CM. 
© 
w 


H 
& 


-09 








-12 = Aa 


Fic. 2. The electric mobility of quartz (AA) and collodion (O@) 
particles and mineral oil (CO @) droplets in horse serum at a dilution of 1:50 
and an ionic strength of 0.1. The closed and open symbols represent the 
behavior of horse sera from different sources. The smooth curves are the 
same as those in Fig. 1 for globulin and albumin A. The agreement with 
present data indicates that the particles have adsorbed definite constituents 
from the serum. 


of albumin B was ever found by this means. It is possible that 
albumin B with its low carbohydrate and bilirubin content is to 
some extent a laboratory product. 

Dialysis of serum against 1 per cent NaCl had no apparent in- 


5 Experiments with glass (Pyrex) particles showed that these adsorb a 
component different from the other particles investigated. Although the 
curve of glass followed that for quartz down to pH 6.0, below this point it 
diverged, becoming isoelectric at pH 4.3. The nature of its surface is 
problematical. 
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fluence on the results. In agreement with Abramson (11), the 
serum concentration did not influence the mobility when enough 
was present to coat, up to amounts which began to affect the ionic 
strength of the buffer. That these two particles, quartz and 
collodion, actually adsorbed different components was shown by 
coating each with serum and mixing the two suspensions, where- 
upon the frequency histogram of mobilities showed two modes. 


Rablit Serum 


Fig. 3 shows the behavior of quartz and collodion particles 
when suspended in 1:50 dilutions of rabbit serum. It will be 
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Fig. 3. The electric mobility of quartz (@) and collodion (©) particles 

in rabbit serum at a dilution of 1:50. The tagged circles represent data 

obtained in phosphate buffers; the remaining data were measured in acetate 

buffers at the same ionic strength, 0.1. The smooth curves have been 
drawn by eye to fit the points. 





seen that there is no significant difference between the mobilities 
of these two types of particles between pH 4 and 6.2. There was 
a slight shift in the pH of the isoelectric point but this was diffi- 
cult to measure accurately. The isoelectric point lay between 
pH 4.8 and 4.9 for both surfaces. If the buffer was changed 
from acetate to phosphate, the same ionic strength being retained, 
the results in phosphate were quite clearly different for the two 
particle types and the curves were shifted in position so that a 
break came between the acetate and phosphate data without 
much change in slope. The quartz surface is much more mark- 
edly affected than the collodion by the change in buffer. 
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The results indicate that the coated quartz and collodion par- 
ticles in acetate buffer really have different surface films, although 
their mobilities are quite similar. When such particles are placed 
in phosphate buffers, the coating of the quartz seems to adsorb 
phosphates to a greater extent than that on the collodion. These 
data emphasize that similarity in electrophoresis does not neces- 
sarily mean identity in constitution. A few experiments with 
mineral oil gave the same mobility values as collodion. 
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MINUTES AFTER MIXING 


Fig. 4. Changes in the electric mobility of quartz and collodion particles 
caused by adsorption of protein constituents from horse and rabbit sera. 
The particles were added to a 1:50 dilution of serum, u = 0.1, pH 7.6. A, 
collodion, A, quartz, in horse serum; O, collodion, @, quartz, in rabbit 
serum. 


The above experiments were performed after a sufficient length 
of time was allowed for complete coating (about 1.5 hours). To 
ascertain the manner in which the surfaces change immediately 
after exposure to horse or rabbit serum, we made 1:50 dilutions of 
serum at an ionic strength of 0.1 phosphate buffer, pH 7.6. 
Quartz or collodion particles were added and electrophoresis 
measurements performed at successive time intervals after mix- 
ing. Fig. 4 shows that both collodion and quartz attain uniform 
surfaces in horse serum in less than 10 minutes. On the other 
hand, these particles in rabbit serum were quite differently af- 
fected by time; the quartz became constant in about 5 minutes 
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but the collodion took nearly an hour to reach constancy. It 
seems probable that these results are influenced by differences in 
the rates of diffusion to the surface and the concentrations of the 
proteins being adsorbed, as discussed by us elsewhere (9). 


Human Serum 


Our data for the electric mobility of quartz and collodion par- 
ticles suspended in human serum are shown in Fig. 5. Here too 
it is evident that the quartz and collodion are adsorbing different 
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Fic. 5. The electric mobility of quartz (@) and collodion (O) in human 
serum at a dilution of 1:50, 4 = 0.1. The dashed curve represents the data 
of Abramson for quartz and mineral oil surfaces in human serum at a 
slightly different ionic strength. The data above pH 6 were measured in 
phosphate buffers, the rest in acetate buffers. 


substances but the mobility curves of these two surfaces become 
identical, within the limits of error, below pH 5.8 and have a 
common isoelectric point at pH 4.9. In common with horse 
serum, no break in the curve was found when the buffer system 
was changed from phosphate to acetate. Stenhagen (4) has re- 
ported on the electrophoresis of the protein components of diluted 
human plasma (at » = 0.1) by the Tiselius method. He finds 
this contains fibrinogen, serum albumin, and three globulins, 
a, 8, and y. Of the three, globulin a is most similar in electric 
mobility to the films on the collodion particles, while the albumin 
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is closest in behavior to the coating on the quartz. Stenhagen 
likewise finds that the curves for these two proteins in serum 
merge below pH 5.5. His value for the isoelectric point of isolated 
albumin was pH 4.64 at 0°. He states that the concentration of 
globulin @ is roughly 0.25 per cent in whole serum, so that if the 
collodion is adsorbing this constituent it is exerting a highly selee- 
tive action. The results of Abramson (11) for the electrophoresis 
of quartz and mineral oil in 1:50 human serum dilutions are repre- 
sented in Fig. 5. Our values and his are at somewhat different 
ionic strengths, so that one would not expect complete agreement. 
Our results do indicate, however, that his discovery of the identity 
in behavior of quartz and mineral oil surfaces under these condi- 
tions is correct. This is no proof that the two surfaces are iden- 
tical, for our curves diverge definitely above pH 6.0. 

Ludlum, Taft, and Nugent (20) have investigated the electro- 
phoresis and wetting properties of the chylomicron emulsion 
which appears in the blood after fats have been eaten. They 
find these droplets to be composed of fat with an adsorbed coating 
which gives them an isoelectric point at pH 4.9 at an ionic strength 
of 0.2. They suggest that this indicates a protein surface. This 
value is in complete agreement with the isoelectric point which we 
find for quartz and collodion particles in human serum and further 
. indicates that the droplets are coated with a protein, possibly the 
constituent coating the collodion, although, since mobility curves 
for the chylomicrons are not available, definite conclusions can- 
not be made. It should be mentioned that Tiselius (21) finds that 
the fat droplets in horse serum move with the globulin 8. This is 
surprising in view of our finding that mineral oil droplets adsorb 
a constituent most similar in mobility to globulin a. Until re- 
sults for adsorbed and dissolved components are available at the 
same temperature, this dilemma cannot be resolved. 


SUMMARY 


Particles of quartz and collodion adsorb different protein con- 
stituents from horse serum, as evidenced by their electrophoretic 
mobilities after coating. Mineral oil droplets assume surfaces 
identical in behavior with the collodion, within the limits of error. 
Comparison of these data with the electrophoresis curves for the 
purified globulin fraction and for the two albumins crystallized 
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by the method of Kekwick and adsorbed on particles showed that 
the quartz particles probably adsorb an albumin component agreeing 
with Kekwick’s albumin A, while mineral oil and collodion appear 
to take up a globulin, possibly the globulin a@ of Tiselius. Al- 
though albumins A and B have identical electrophoretic mobilities, 
when adsorbed on particles, over the range pH 4.2 to 5.5 (inves- 
tigated by Kekwick with the dissolved albumins), at either end of 
this range their mobilities diverge, with albumin B moving faster 
than A. Since no trace of albumin B was found by exposing 
particles to serum and since the single yellow albumin constituent 
isolated by Tiselius agrees most closely with albumin A, it may 
be possible that the colorless albumin B is to some extent a 
laboratory product. 

These particles behaved similarly in dilute rabbit serum. Here 
the mobilities are affected by the ionic species of the buffer. In 
a “tate buffers, the mobilities of the two types of particles were 
nearly identical, while in phosphate buffers they were definitely 
different. A much longer time is needed to produce a complete 
film on collodion surfaces in rabbit serum than in horse serum 
when these are introduced into initially diluted serum. Quartz 
particles rapidly attained a complete film in either serum. 

Quartz and collodion particles in diluted human serum behaved 
identically, within the limits of error, between pH 4.0 and 5.8. 
Above this range, the two surfaces showed divergent mobilities. 
In comparison with the data of Stenhagen, it seems probable that 
the quartz becomes coated with albumin and the collodion with 
globulin a. The common isoelectric point of these particles 
agreed with that already found for the surfaces of the chylomicron 
emulsion in blood. 
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The p-dimethylaminobenzaldehyde method of estimating tryp- 
tophane as modified by May and Rose (1) consisted in incubating 
a suspension of the protein in a hydrochloric acid solution of the 
aldehyde reagent at 37° for 6 to 7 days. Casein similarly treated 
was employed as the standard for color comparison and was 
assumed to contain 1.5 per cent tryptophane. Holm and Green- 
bank (2), using pure tryptophane as the standard, found that the 
bluish violet color reached maximum intensity only after 7 to 9 
days incubation and that the relative intensities of the color given 
by tryptophane and casein indicated that casein contained 2.24 
per cent tryptophane. Sullivan, Milone, and Everitt (3) have 
recently shortened the procedure by heating the mixture of casein 
and reagent at 85° for 15 minutes and adding dilute H,O,. The 
color developed by a given amount of casein in this short pro- 
cedure was found to be identical, in shade and intensity, with that 
given by the same amount of casein in the long procedure. How- 
ever, tryptophane could not be employed as the standard in the 
short procedure because it is unstable in hot acid solution. Casein 
was recommended therefore as the standard and was said to con- 
tain 2.4 per cent tryptophane; 7. e., the value obtained by them in 
the long procedure. 

Recently we described a modification of the glyoxylic acid 
method (4) by which a freshly prepared, air-dried sample of casein 
was found to contain 1.19 per cent tryptophane. The trypto- 
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phane content of casein as determined by the aldehyde method 
is therefore approximately twice that obtained by the glyoxylic 
acid method or by ultraviolet spectrophotometry (5). In the 
aldehyde method it is assumed that, under the conditions of the 
long procedure, free tryptophane and an equal amount of trypto- 
phane in the casein molecule react in an identical manner with 
p-dimethylaminobenzaldehyde and give colors of equal intensity. 
The observations recorded in this paper show that this is an 
erroneous assumption and is responsible for the discrepancy in the 
results by the two methods. 


EXPERIMENTAL 


In all of the tests described herein in which the short and long 
procedures were used, strict adherence to the conditions recom- 
mended by Sullivan and coworkers was observed. The color 
measurements were made with the Evelyn photoelectric colorim- 
eter (6), with the 600 mu light filter. From the results obtained 
with varying amounts of /-tryptophane in the long procedure.a 
calibration curve was prepared. The color reaction conforms 
approximately with Beer’s law. 

Numerous determinations of tryptophane were made by the 
aldehyde and glyoxylic acid methods on casein, casein hydroly- 
sates, tryptophane, and tryptophane derivatives. It was found 
that if a tryptophane or casein solution in HCl-aldehyde mixture 
was incubated for 24 hours at 37° and a 5 cc. aliquot transferred 
to 15 ec. of water in a colorimeter tube and 3 drops of 3 per cent 
H,O, added, the color reached its maximum in 30 to 40 minutes, 
remained stable for 10 to 15 minutes, and then faded. This pro- 
cedure is referred to in Table I as a modified procedure. It will 
be seen that it gives practically the same result as the long pro- 
cedure in the case of casein but free tryptophane developed more 
color than in the long procedure. From the results summarized 
in Table I the following observations may be made. 

If the casein is hydrolyzed with Ba(OH): and the long pro- 
cedure applied to the hydrolysate, after the Ba(OH), is removed 
with H,SO,, the result is of the same order as with the glyoxylic 
acid method but only about 50 per cent of the value obtained by 
the long procedure. The addition of hydrogen peroxide, in the 
modified procedure, intensifies the color. The glyoxylic acid 
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method gives the same result when applied to (a) a solution of 
casein in 5, 10, or 20 per cent NaOH or in 5 per cent HCOOH and 
(b) a Ba(OH)2 hydrolysate of the protein with or without subjec- 
tion to mercuric sulfate precipitation (4). Tryptophane deriva- 
tives give more color in the long procedure than an equivalent 
amount of tryptophane and the color is enhanced by HQ, in the 
modified procedure. This is not the case with the glyoxylic acid 
method in which only hypaphorine behaves abnormally. 


Taste | 
Comparison of Tryptophane Determinations by p-Dimethylaminobenzaldehyde 
Method and Glyoxylic Acid Method 
The results for the tryptophane derivatives are expressed on the basis 
of an amount of each substance equivalent to 1.0 mg. of tryptophane. 























| p-Dimethylaminobensal- 
Substance tested = : 7 — 

a b. -4 
Casein, 100 mg. (air-dried).............. a ce 1.2 
“ 100 “ (baryta hydrolysate)... 13 | 1.9 1.2 
ES outa a ws os eee ic senna en 2.6 | 1.3 
Ns L455 Ss wudite nd doin se SOREN 1.0 | 1.5 1.0 
I Ea RT eer ee 1.4 | 2.0 1.0 
re Saal cas <a nsddie seat eaten | Red color | 2.0 0.6 
Tryptophylglycine......................| 1.3 | 2.0 1.0 
Glycyltryptophane......................| 1.4 | 2.0 1.0 
Tryptophane methy] ester hydrochloride ., 1.4 | 2.0 1.0 
Acetyltryptophane...................005) 1.4 | 2.0 1.0 





These results indicate that two factors are involved in the color 
reaction of the p-dimethylaminobenzaldehyde method; namely, 
the mode of linkage of the tryptophane and the degree of oxida- 
tion. The existence of the first factor is confirmed by the differ- 
ence in the behavior of casein and casein hydrolysates and by the 
different behavior of the tryptophane derivatives compared to free 
tryptophane. Considering the second factor, it is apparent that 
unhydrolyzed casein is able to cause the color reaction to go to 
completion in the long procedure without the addition of an 
oxidizing agent, some as yet unidentified constituent of casein 
having the effect of an oxidizing agent. In the short procedure 
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of Sullivan et al., no increase in color resulted from the addition, 
to casein, of each of the amino acids which it is known to contain. 
Zein, proline, oxyproline, gelatin, or an acid hydrolysate of casein, 
when added to tryptophane in the long procedure, had no effect 
on the final color intensity. The addition to casein of galactose 
or the phosphopeptone of casein (7) in the short and long pro- 
cedures had no effect. When calcium phosphate or phosphoric 
acid was added to casein in the long procedure, the color developed 
more rapidly but the final intensity of color was not changed. 
While many investigators have assumed that the mechanism of 
the color reaction between tryptophane and an aldehyde is the 
same for all aldehydes, the results in Table I indicate that trypto- 
phane reacts differently with glyoxylic acid and p-dimethylamino- 
benzaldehyde. All indole compounds react with the aldehyde 
reagent in the modified procedure to give the same color, as con- 
firmed by the absorption spectrum. In addition to the com- 
pounds listed in Table I, indole, skatole, indoleacetic acid, indole- 
propionic acid, and indolebutyric acid were tested. The glyoxylic 
acid method gives different colors with these indole compounds 
but the same color with the tryptophane derivatives with the 
exception of hypaphorine. 

Hopkins and Cole (8), Dakin (9), and Onslow (10) have reported 
the isolation from casein of 1.5 to 1.7 per cent of tryptophane and 
these figures are often quoted in support of colorimetric methods 
which give values greater than this. Liischer (11), while working 
with Hopkins, used a colorimetric method for the estimation of 
tryptophane in casein and found 1.10 per cent. It is evident that 
Hopkins could not have regarded his own figure, obtained by 
isolation, as representing the true tryptophane content of casein, 
and further, a careful perusal of Onslow’s paper fails to substanti- 
ate his claim to have confirmed Dakin’s finding but indicates, 
rather, that the yield was 1.1 to 1.5 per cent. The isolation of 
tryptophane from casein by Onslow’s modification of Dakin’s 
method has therefore been reinvestigated by us. The only 
change in the procedure was to introduce a second mercuric sulfate 
precipitation after the second digestion and before extraction with 
butyl alcohol. All filtrates and residues, which are usually dis- 
carded in the procedure, were worked up and examined for trypto- 
phane by the glyoxylic acid method. The purity of the trypto- 
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phane isolated was established by colorimetric analysis and by 
direct and mixed melting point determinations. The results of 
two experiments are given in Table II. We have been unable to 
obtain evidence by isolation for the presence in casein of more 
tryptophane than is indicated by the direct application of the 
glyoxylic acid method. 


Tas.e Il 
Isolation of Tryptophane from Casein 


| 200 gm. casein 160 gm. casein 
a G | gm. | percent | om. | poreont 
By colorimetry | 2.20 100.0 1.76 100.0 
Actually isolated (by weight) 1.43 65.0 1.25 | 71.0 
Lost during concentration, extrac- 0.37 ~=16.8 0.25 13.9 
tion, and recrystallization (by | 
colorimetry) 
Lost in discarded filtrates and resi- | 0.18 8.3 0.14 | 7.7 


dues (by colorimetry) 


Total accounted for 1.98 90.1 1.64 92.6 


SUMMARY 


The p-dimethylaminobenzaldehyde method for the estimation 
of tryptophane in proteins is shown to give erroneous results 
owing to the fact that tryptophane as combined in the protein 
molecule gives more color with the aldehyde reagent than does an 
equivalent amount of free tryptophane. The mode of linkage and 
degree of oxidation of tryptophane influence the color reaction, so 
that the source of error in the procedure is the use of free trypto- 
phane as the standard. The reliability of the glyoxylie acid 
method is confirmed. 

Observations are recorded which indicate that current theories 
on the mechanism of the reaction between aldehydes and trypto- 


phane require revision. 


We are indebted to Dr. W. M. Cahill, Cornell University 
Medical College, New York, for a sample of abrine and to Dr. 
R. H. F. Manske, National Research Council, Ottawa, for a sample 

of hypaphorine. 
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The severely diabetic subject has an excessive protein metab- 
olism which returns to normal when sufficient carbohydrate utiliza- 
tion is reestablished. The current hypothesis to explain this is 
that restoration of the ability to oxidize carbohydrate spares pro- 
tein, and the metabolism returns to normal. 

An alternative hypothesis, namely that insulin has a direct 
specific effect on protein metabolism, is also a possibility. Re- 
cently, Bach and Holmes (1937) found evidence for it on the basis 
of experiments with slices of normal fasted rat liver equilibrated 
in bicarbonate buffer. They found, both with no added substrate 
and with dl-alanine, that insulin, when added to the medium, 
partially inhibited urea formation and carbohydrate synthesis. 
They concluded that a function of insulin is the suppression of 
glyconeogenesis by the inhibition of oxidative deamination of 
glycogenic amino acids. 

The importance of this hypothesis concerning a specific action 
of insulin upon protein metabolism led us to test it extensively. 
Our experiments indicate that a possible réle of insulin in protein 
metabolism is the regulation of the deamination by the liver of 
the d isomers (so called unnatural isomers) of glycogenic and non- 
glycogenic amino acids. 


* Aided by grants from the Penrose Fund of the American Philosophical 
Society and the Faculty Research Committee of the University of 
Pennsylvania. 
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Methods 


Our experiments were performed entirely with liver slices, 
Rats were killed by decapitation, cats by concussion. No anes- 
thetic was used. The liver slices were cut with the double cutter 
of Thomas and De Eds (1937) and were 0.40 + 0.05 mm. thick. 
As a rule the slices (100 to 200 mg.) were placed in the equilibrating 
(conical Warburg) vessel without washing. Speed in preparation 
of the slices was emphasized and in most of the experiments the 
time from killing to the beginning of the equilibration in 100 per 
cent oxygen at 38° was 20 to 30 minutes. 

The medium was 3 cc. of Krebs’ phosphate saline solution at 
pH of 6.8 or 7.4. Amino acids were added where indicated. 
Equilibration was carried out for 2.0 hours. 

The oxygen uptake is expressed in micromoles of O: per gm. of 
wet liver. 

Urea + NH;—These were determined together on the samples 
of tissue + medium after deproteinization with trichloroacetic 
acid by a method similar in principle to that of Van Slyke 
and Cullen (1914). Following nesslerization of the ammonia 
solution, readings were made with the Evelyn photoelectric 
colorimeter. Frequent controls assured us that amounts of urea 
down to 0.3 micromole could be recovered with an accuracy of 
+2 per cent. NH; + urea is expressed together in terms of 
micromoles per gm. of “urea.” 

Insulin'—The insulin used was either Stearns’ or Lilly’s crystals 
of zine insulin or Lilly’s zine-free insulin powder assayed at 22 to 
23 clinical units per mg. 

Fermentable Carbohydrate—After hydrolysis at 100° in 1 N 
H,S0O, for 2 to 3 hours, both tissue and medium were deproteinized 
with tungstic acid. 2 aliquots of the centrifugate were analyzed 
for total reducing substances by the method of Shaffer, Hartmann, 
and Somogyi (cf. Peters and Van Slyke, 1932). A third aliquot 
was fermented with washed yeast and the residual non-sugar re- 
ducing substances determined. The fermentable carbohydrate 
was calculated from the difference. Results are expressed in glu- 


! We are indebted to Dr. F. B. Peck of the Lilly Research Laboratories 
and to Dr. Melville Sahyun of the Frederick Stearns and Company 
Scientific Laboratories for generous supplies of these purified insulin 
preparations. 
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cose equivalents as mg. of total fermentable carbohydrate per gm. 
of wet liver. 

Animals Used—These included normal rats fasted 24 hours, 
non-fasted rats with demedullated adrenals, normal cats fasted 
24 to 48 hours, depancreatized (diabetic) cats (48 hours after 
operation), hypophysectomized-depancreatized (Houssay) cats, 
and cats injected with alkaline extracts of the anterior pituitary. 
The completeness of the pancreatectomy was confirmed by au- 
topsy and by the degree of glycosuria. 

Amino Acids—All preparations were those of Hoffmann-La 
Roche. 

Duplicate Samples—As a rule, duplicate samples of liver slices 
were set up in each type of medium. In this way, the reproduci- 
bility of the oxygen uptake, urea formation, and carbohydrate 
synthesis could be determined. 

Statistical Presentation of Data—Whenever possible, our results 
are given in statistical form. The number of animals and the 
number of samples of liver in each category of experiment are 
given. The arithemetical mean together with the standard error 
of the mean is given. The standard error of the mean was cal- 
culated by the short method of Peters (cf. Mellor (1909) ); viz., 


1. see 
Standard error or mean = Ss deviations Stem — 
nv n-1 





Terminology—This is the same as that used by Bach and 
Holmes, and for convenience the terms are tabulated here. 


Basic observations 


1. Initial.............................Value from slices killed im- 
mediately 

2. Final plain... . ............Walue after equilibration for 2 
hrs.; no substrate 

3. “ with amino acid. . Value after equilibration; amino 
acid present 

4. “ plain with insulin........... Value after equilibration with 
insulin; no substrate 

5. ‘“* with amino acid and insulin.. Value after equilibration with 


insulin; amino acid present 
Effects calculated 


6. Increase plain..................... (2) — (1) 
7. Amino acid effect.................. (3) — (2) 
8. Insulin effect plain................. (4) — (2) 
9. - ‘* with amino acid...... (5) — (3) 
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Effect of Insulin upon Deamination by Liver Slices from Normal 
Fasted Rat 


Our results are shown in Table I. The effects of insulin were 
dependent upon the type of substrate. With no added substrate 
we found an increase rather than a decrease of urea formation. 
With dl-alanine we regularly found a decrease which appears 
significant. We also studied deamination of the optical isomers of 


TaBLe I* 
Normal Rat Liver Slices; Urea Formation and Effect of Insulin Thereon 























-~ hy Ra J . Urea mean 
micromoles per gm. 
} per 2 hre. 
Initial | go | 44 9.5 + 0.37 
Increase plain 24 «|: COo86 7.5 + 0.60 
Amino acid effects 
dl-Alanine (0.020 m) a 6 | 25.1 + 3.30 
1(+)-Alanine (0.020 m) a ae 8 | 5.7+0.60 
d(—)-Alanine (0.020 “) 6 11 | 29.0 + 4.00 
Insulin effects (1 unit per cc.) 
Plain 9 17 +1.0 + 0.22 
1 1 —1.0 
With dl-alanine 6 s —5.0 + 1.00 
* 1(+)-alanine 3 | 9 +2.4 + 1.30 
3 10 —2.7 + 2.40 
** d(—)-alanine 3 s +1.9 + 0.58 
5 | 8 | 4.5 + 1.90 





* In this and subsequent tables, the mean amino acid and insulin effects 
are reported in two groups; viz., those giving increases (+) and those giving 
decreases (—). Insulin concentrations in this and the following tables are 
expressed in clinical units per cc. 


alanine. We found in the case of /(+)-alanine (the natural iso- 
mer) no significant effect of insulin. With d(—)-alanine, however, 
we found in more than half of the rats a significant inhibition of 
deamination. 

Deamination Following Insulin Injection—lIt is possible that the 
diffusion of insulin from the medium into the liver cells is slow or 
does not occur at all. We therefore sought to enhance the action 
of insulin by prior intravenous injection of insulin into the intact 
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animal, followed 1 to 1.5 hours later by a study of deamination 
by the liver slices. Our results are shown in Table II. 

For normal rats we found that neither the “increase plain” nor 
the ‘“I(+)-alanine effect’”’ was significantly different from those of 
the control group. With d(—)-alanine, however, there is con- 
siderably less urea formation, and this finding is in conformity 
with the previous demonstration that insulin partially inhibits 
the deamination of d(—)-alanine only. 


Tasie II 
Effect of Injection of Insulin into Intact Rats upon Subsequent Rate of Urea 
Formation by Liver Slices 
1 to 3 units of insulin was injected 1 to 3 hours prior to the experiment; 
the results are expressed in micromoles per gm. of urea per 2 hours. 



































Injected normal rats a ~ 7 

are. — a 

> | eg Mean Mean 

rats 4 urea urea 
Increase plain........ 5 6 8.4209) 7.5240.6) +0.941.1 
U(+)-Alanine.... | 4 6 | 7041.4) 5.7406) +1.341.5 
d(—)-Alanine.. | 4 | 6 | 18.5 + 8.5) 29.02 4.0} —10.5 + 9.2 

Adsme-denet rats 

(injected) 

Increase plain.......) 4 | 8 | 9841.1) 10.3421) -0.54 2.4 
U(+)-Alanine...... 2 2 7.7422.8) 7.1242.5| +0.62 3.8 
d(—)-Alanine....... 4 | 4 | 13.9 + 3.3 15.6+0.4| —1.74+3.3 











Deamination in Adreno-Demedullated Rats—There is a pos- 
sibility that adrenalin might have a “contrainsular” action. 
Since the traumatic death of the rats might considerably enhance 
this, we sought to eliminate it by using adreno-demedullated rats. 
These rats had been operated on 6 weeks prior to use. We found 
in these animals, however, that the liver slices obtained 1 to 1.5 
hours after intravenous insulin showed an “increase plain” and a 
“U(+-)-alanine effect’”’ quite similar to those of the normal group, 
indicating again that insulin has no effect upon these two types of 
deamination. With d(—)-alanine we found deamination low in 
the injected group, but comparison with an uninjected control 
group, in other respects treated similarly, also showed a very low 
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““d(—)-alanine effect”; 7.e., we failed to demonstrate any inhibi- 
tion in this type of preparation. 

Deamination of l(+)-Alanine with Higher Concentrations of 
Insulin—Even when the concentration of insulin was increased 
beyond the usual 1 unit per cc., no effect could be shown upon the 
deamination of /(+)-alanine. In Table III we give the increase of 
urea without insulin and the ratios of urea formation with insulin 
to this basic value. In the mean the ratio is 1.00 + 0.05; i.e., 


Taste III 
Normal Rat Liver Slices; Effect of Zinc Insulin at Varying Concentrations 
upon Deamination of l(+)-Alanine (0.030 m) at 38° in 2 Hours 





























~ | Bs | | | Baltest 
- increase | OM | ae | increase | furs 
Ne | Insulin of eats | insulin to } No. | Insulin aha | insulin to 
insulin | without | insulin | without 
insulin | insulin 
units micromoles units micromoles | 
per cc. pergm. | | per ee. per gm. 
oe} o | @ | 9B} 0 21 | 
5.5 0.89 | §.5 0.99 
11 | 0.87 | wu | 1.08 
17 | 0.67 16.5 | 0.90 
a «1.05 22 | =-1.05 
9D | Oo 18 | 9 | 0 24 | 
5 | 1.34 | | 7.5 | 1.01 
10 | 1.18 | | il 0.88 
6 1.24 | 17 0.93 
| 20 | 1.37 22 1.03 
Mean of all ratios (4 rats, 16 samples) = 1.00 


| 
—) 
& 





the data show no consistent effects of insulin from 1 to 22 units 


per cc. 
Deamination in the Presence of Arsenite—Arsenite inhibits the 


major portion of the oxygen uptake of liver slices, but not that 
due to oxidative deamination (Krebs, 1933). With arsenite in the 
medium, we were able to show that insulin inhibited by 10 to 20 per 
cent the deamination of d(—)-alanine, but had no effect upon the 
deamination of [(+)-alanine (Table IV). This is in conformity with 
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our previous data which show that inhibition by insulin of deam- 
ination, when it does occur, is on the unnatural d(—)-alanine 
rather than on /(+)-alanine. The inhibition of oxygen uptake 
found with arsenite was correlated with the effect upon deamina- 
tion. In the case of 1(+)-alanine, there was no significant effect 
upon the oxygen, whereas with d(—)-alanine there was found an 
inhibition which in ratio to the inhibition on urea formation was 
1.0 + 0.6, essentially that expected theoretically. 

Action of Insulin upon Deamination of Non-Glycogenic Amino 
Acids—The possibility that insulin might inhibit the deamination 
of non-glycogenic amino acids was tested. In the case of valine 











Tasie IV 
Effect of Insulin (1 Unit per Ce.) upon Urea Formation by Liver Slices from 
the Normal Rat 
Phosphate buffer + 0.001 m arsenite. 
| Insulin effect with | Insulin effect with 
Rat No - al 0.020 yee )-alanine. | Rot No. tip of om a! u [(+)-alanine. 
(2 hrs.) (2 hrs.) 
micromoles per gm. micromoles per gm. 
5E 1 —7.5 5B 2 —0.4 
5F 1 —6.1 5D 2 —1.4 
5G 1 —4.8 5E 1 —0.3 
5H 1 0.0 5G 1 0.0 
38 1 +3.8 5H 1 —0.3 
39 4 —5.4 38 1 —0.3 
Mean.... 9 —4.0+ 1.2 8 —0.4+ 0.2 























and leucine (Table V) there was found no inhibition of the natural 
l isomers, even at high concentrations of insulin. With the un- 
natural d isomers, we found, as with d(—)-alanine, significant in- 
hibition in some cases. With another non-glycogenic amino acid, 
dl-methionine, we regularly found inhibitions, sometimes as high 
as 50 per cent. The optical isomers of this acid were not available 
to us. 

Urea Formation by Liver Slices of Normal and Diabetic Cats— 
The data in Table VI show in the diabetic cat an “increase plain” 
46 per cent greater than in the normal. It appears that the in- 
creased protein metabolism in the diabetic is associated with 
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hyperactivity of one specific enzyme system; namely, the oxidative 
deaminase system of the liver. There is also a slightly increased 
deamination of dl-alanine (10 per cent). 

The effect of insulin in the normal and diabetic cat was essen- 
tially that found in the normal rat; viz., no effect of insulin upon 
the “increase plain,’ and an inhibitory effect with dl-alanine. 


TABLE V 


Normal Rat Liver Slices; Effect of Insulin upon Urea Formation in 2 Hours 
in Presence of Non-Glycogenic Amino Acids; 38° 








7 } | | | 

pny | Insulin a ay | Insulin 
Rat No. | insulin, | Insulin | ,°#@t. | Rat No. | insulin. | Insulin | Meet. 

| Urea for- pe oe Urea for- Urea for- 

| mation Se i mation mation 


| With 0.020 a 1(+)-valine With 0,020 w d(—)-valine 
| - — — — ee 
| 2 








micromoles units | micromoles | | micromoles| units | micromoles 

pergm. perce. | pergm. | _ pergm, | perce. | pergm. 

7 h1.1 | B | 086 || 8 23.6 | 1 | +1.0 
5 | +0.4 5 | +2.4 

10 —0.4 | | | 10 | -1.3 

a a le eae 


—0.4 
With 0.020 m d(—)-valine 


With 0.020 M 1(—)-Jeucine 




















9 no | 1 | 406 > 3 | 6.6 | 10 | 48.1 
| 5 | 40.4 | emer 
| | 10 | -0.4 | 
| | © | -06 | 9 | 24.6 5 —2.5 
| With 0.020 udi-methionine | | 2) = 
| . ; | | 2 | -5.6 
37A | 49.0 | 1 | —21.2 | i—— ; 
37B | 11.1 | l | = 1.7 With 0.020 u 4(+)-tousine 
37 | «14.1 | 1 —6.3 | 3% | «625.4 | 10 | 41.4 
37D | 136 | 1 —4.0 | | | 
(10.5 | 1 —5.5 | | 


37E 





One might expect that the inhibitory effect of insulin would be 
greater in the diabetic cat, but our experiments did not show this 
to be the case (Table VI). 

Urea Formation in Houssay Cats—Insulin failed to restore to 
normal the excessive deamination of depancreatized cat liver 
slices. In contrast were our findings with two hypophysec- 
tomized-depancreatized cats. Here (Table VII) we found an 
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‘Sncrease plain’’ essentially that of the normal cats and a “dl- 
alanine effect”’ less than normal. Insulin effects in these animals 
were not significant. 

Increased Urea Formation by Liver Slices in Diabetic Cais Re- 
ceiving Prior Injections of Anterior Pituitary—In four of five com- 
pletely or partially depancreatized cats receiving for 4 to 10 days 


Tasie VI 
Normal and Diabetic Cat Liver Slices; Urea Formation Plain and with 
dl-Alanine and Effect of Insulin Thereon at 38° in 2 Hours 





—__—_——_ -—_—_ —— 





























Normal Diabetic 
| |] 4 | 
ls | @l aig) Difference 
8 | : | Mean urea Sis Mean urea 
siz s/s 
LiL i fewee ol ee 
BZ micromoles | mécromelee | méeromeles 
per gm. per gm. per gm. 
Initial 7 | 21 11.9+0.7| 9 | 26 16.3+0.3 |+4.4+0.7 
Increase plain | 7 | 17/| 11.241.0/ 9 | 95 16.44+2.5 | +5.2+2.7 
dl-Alanine 7 (13) 37.442.9) 5 | 10| 41.446.5/)4+4.047.2 
Insulin effects 
(1 unit per 
ec.) 
Plain (no/| 1 | 1/+1.2 4) 7| +2.7 
substrate) | 2 | 5 | -14+0.3 4/ 3] -3.1 
Mean 3 /| 6/-0.940.6] 4 | 10| +0.941.1 
With dl-ala- | 1 1 | +4.8 2 |+11.4 
nine (0.020 | 2 5 | —-5.52+1.8)| 9 9| —6.1+0.7 
M) 
a eR 
Mean =| 3:| 6|—4.942.1/ 9 | 11| -2.941.1 














prior to the experiments daily injections of anterior pituitary ex- 
tract, we found (Table VIII) values for urea formation significantly 
higher than normal. It is to be noted, too, that here our greatest 
insulin effects were observed. These positive results, together with 
our experiments on the Houssay cat, are in accord with the hy- 
pothesis that the anterior pituitary has a “contrainsular’’ activity. 

Effect of Insulin upon Deamination of d(—)-Alanine by Kidney 
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Slices—The rate of deamination of d(—)-alanine by slices of kid- 
ney cortex is much greater (300 + 100 microequivalents of NH; 
per gm. per 2.0 hours) than by liver slices. Our results (Table LX) 


Tasie VII 
Urea Formation and Influence of Zinc Insulin Thereon; Liver Slices from 
Two Houssay Cats with No Added Substrate and with dl-Alanine at 38° 
in 2 Hours 


Five samples in each experiment. 








Difference from 
Mean urea normals (7 cats). 
Mean urea 
micromoles per gm. micromoles per gm. 
Increase plain..... eR Gee 11.0+0.9 —-0.9+ 1.1 
dl-Alanine effect.................. 22.8 + 3.9 —10.6 + 5.5 
Insulin effects (1 unit per cc.) | 
| “ee ae | 2.041.797 
With dl-Alanine. . 


+2.2+ 2.2 


TasBie VIII 


Effect in Cats of Combining Pancreatectomy and Injections of Anterior 
Pituitary Extracts upon Subsequent Rate of Urea Formation by Liver 
Slices, and Effect of Insulin Thereon 


Urea formation, micromoles per gm. per 2 hrs., at 38° 











a Po = ll i Assen ait effect praers effect 
. | ict PA od eee 

| pisin | dt | U+)- | d(-)-| “ae | U+)- | a> 
Alanine Alanine |Alanine Alanine | Alanine Alanine 

203A |A. P., C. P. 45* | 135* | —339 | | 
203B; “ " | 12.1 13.1 | 43.8* | 29.5 —13.4* | —2.9 
203C |“ “ | 9.2] 24.9 | 12.0* | 23.8 | -1.0 | -2.3 
10-39 P. P., A. P. 11.4 5.6 +2.7 | -1.6 
—10.7* | -5.8 


ee Tae 18.7° | 





A. P., C. P. = injections of anterior pituitary extract for 1 week followed 
by complete pancreatectomy. P.P., A. P. = partial pancreatectomy (no 
glycosuria) followed by anterior pituitary extract (with glycosuria). 

* These results are significantly different from mean normal values. 


in four out of five rats show an inhibition of about 12 per cent in 
the presence of insulin at 1 unit per cc., and are thus in essential 
agreement with our results with liver. 
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Effect of Insulin upon Oxidative Deaminase Preparation—The 
possibility that the inhibiting action of insulin upon the deamina- 
tion of d(—)-alanine observed with intact cells might be due to a 
combination with or blocking of d-deaminase was tested with puri- 
fied d-deaminase. With two preparations of cat liver deaminase 
and one of cat kidney deaminase prepared by the Bernheim and 
Bernheim (1935) method we could find no influence of insulin at 
1, 2, 5, and 10 units per cc. upon the deamination of d(—)-alanine. 
Therefore, a blocking of the deaminase by insulin seems to us to 
be quite unlikely. 

Synthesis of Total Fermentable Carbohydrate by Liver Slices of 
Normal Rats—We studied the effects of insulin upon the rate of 


TaBLe IX 


Synthesis of Fermentable Carbohydrate by Liver Slices of Normal Fasted Rat 
and Influence of Zinc Insulin Thereon at 38° in 2 Hours 


No added substrate. 




















REE Raeeet exer 
mg. per gm. 
Initial 5 a) 2.95 + 0.39 
Increase plain 5 10 0.91 + 0.20 
Insulin effect (1 unit per cc.) 
Plain 5 5 +0.54 
4 4 —0.40 
Mean (insulin effect)... . 9 i) +0.12 + 0.20 














new formation of carbohydrate from non-carbohydrate sources by 
liver slices of the normal rat and normal and diabetic cat. In the 
normal rat, following equilibration of the slices for 2.0 hours in a 
phosphate buffer, we were able to show a new formation of total 
fermentable carbohydrate. With insulin the values fluctuate 
above and below the quite small “increase plain” but in the mean 
the insulin effect is not statistically significant. 

Synthesis of Fermentable Carbohydrate by Liver Slices of Normal 
and Diabetic Cats—Our data, shown in Table X, give some in- 
teresting contrasts between the normal and the diabetic. The 
normal cat liver slice shows considerable ability to synthesize new 
carbohydrate in the absence of added substrate (5.5 + 2.1 mg. per 
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gm. per 2 hours). In the presence of dl-alanine (0.020 m), there 
was an added synthesis of new carbohydrate (4.6 + 1.7 mg. per 
gm. per 2 hours) which in the mean is 137 + 51 per cent of that 
expected from “dl-alanine effect” on urea formation on the as- 
sumption that all of the dl-alanine deaminated is converted into 
carbohydrate. In the diabetic cat, however, the ‘increase plain” 
had a mean value of 1.8 + 0.6 mg. per gm. per 2 hours, and there 
was found essentially no new formation of carbohydrate from dl- 
alanine. In the face of an increased deamination the diabetic cat 
liver slice appears to be unable to convert the residual carbon 
skeleton into carbohydrate. 


TABLE X 


Synthesis of Total Fermentable Carbohydrate by Liver Slices of Normal 
Fasted Cat and Diabetic Cat (48 Hours after Pancreatectomy), and 
Influence of Insulin Thereon at 38° in 2 Hours 





No. of No. of | Fermentable 
| 



































cats samples carbohydrate 
Normal cats 
mg. per gm. 
Initial 7 22 15.5 + 1.0 
Increase plain 2 2 0.0 
4 s +10.2 + 2.2 
3 4 -1.3+0.4 | 
Mean 7 14 +5.54 2.1 
dl-Alanine effect 5 10 +6.6 + 1.6 
1 2 —2.8 
Mean 6 12 +4.6+ 1.7 
Insulin effects (1 unit 
per cc.) 
Plain 1 1 0.0 
6 13 +1.7 
4 ‘ —0.9 
Mean 7 21 +0.7 + 0.36 
With dl-Alanine 5 10 +2.3 + 0.53 
2 3 —1.2 
Mean 7 13 +1.5 + 0.65 
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TaBLe X—Concluded 












































| No.of | No.of | Fermentsble | Difference from 
cats samples carbohydrate normal 
Diabetic cats 
mg. per gm. mg. per gm. 
Initial 1l 25 3.82+0.4 | -11.7+1.1 
Increase plain 11 22 | «6+2.120.5 
3 3 | -0.4 
Mean ll 2  +1.82 0.6 —3.7 + 2.2 
dl-Alanine effect 3 4 | +1.4 
3 7 —1.3 
Mean 6 ll | -0.3405 | -4.341.8 
Insulin effects (1 unit | 
per cc.) 
Plain 6 ll +1.22 + 0.3 
s ll —0.89 + 0.4 
Mean | 22 | 40.16 + 0.28) —0.5 + 0.45 
With dl-alanine 3 6 +1.30 
| 5 10 —0.82 
Mean 6 | 16 | -0.02 40.32) -1.5 40.72 











Insulin Effects in Liver Slices of Normal and Diabetic Cats—In 
the diabetic one might expect the most marked insulin effects 
on glyconeogenesis. Nevertheless, Table X shows that there 
was no significant insulin effect on the new formation of carbo- 
hydrate by either normal or diabetic cat liver, either with or with- 
out added dl-alanine. 

Urea Formation and Carbohydrate Synthesis in Bicarbonate or 
Phosphate Buffers—Bach and Holmes used a buffer of bicarbonate 
equilibrated with 95 per cent O2 and 5 per cent CO. We equi- 
librated a considerable number of parallel slices in both types of 
buffer, and found that neither urea nor carbohydrate formation, 
with or without insulin, was significantly different in the two 
media. 

DISCUSSION 

The hypothesis that insulin is concerned, by some direct mech- 

anism rather than an indirect sparing action, with the regulation 
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of protein metabolism receives significant support from the 
experiments of Bach and Holmes, and those reported here. Bach 
and Holmes observed, and we have confirmed the fact, that the 
deamination by rat liver slices of the racemic or dl form of alanine 
is partially inhibited by the addition of insulin to the equilibrating 
medium. We have also found this true for normal and diabetic 
cat livers. In addition we find that, when insulin is completely 
absent from the tissues, 7.e. in liver slices from cats 48 hours after 
pancreatectomy, oxidative deamination is increased about 50 
per cent above the normal. Our further experiments show, 
however, that the inhibitory action of insulin appears to be con- 
fined to the d or unnatural isomers of the acids tested (alanine, 
valine, and leucine). In no experiments were we able to find any 
inhibition of deamination of the natural or / isomers of these acids. 

In our experiments without the addition of amino acid, the 
deamination which occurred was not influenced by insulin. Since 
the amino acids arising in the normal course of liver metabolism 
presumably would be d isomers, this observation is consistent with 
the above. 

The possibility of the difference of action of insulin upon the two 
isomeric forms of amino acids is made more real by the following 
considerations: Krebs (1935) and others have shown that /-deam- 
inase and d-deaminase are quite different. The former cannot 
readily be separated from the structure of the cells, is sensitive to 
cyanide and octyl alcohol, and has an undetermined composition. 
The latter is cyanide-insensitive, can readily be separated from 
the cells, and has been identified by Warburg and Christian (1938) 
as a combination of a specific protein with alloxazine and adenylic 
acid. 

The mechanism by which insulin inhibits the deamination of 
d(—)-alanine remains unknown, except that it can be said that 
a blocking of the deaminase is unlikely, since our preparations of 
d-deaminase were quite unaffected by insulin. 

The possibility, suggested by Krebs and Eggleston (1938), 
that the effect might be explained by the assumption that there is 
a limited ability of the cell to activate oxygen, and that insulin 
preferentially promotes the oxidation by the liver of carbohydrates 
or other readily oxidizable substances, is not supported by our 
experiments designed to test it, for we found no effect of insulin 
upon the oxygen uptake or the respiratory quotient of liver slices. 
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Neither did we find with livers of fed rats with high glycogen, nor 
in livers of fasted rats in the presence of added dl-lactate, alcohol, 
or glucose, an enhanced effect of insulin upon the deamination of 
d(—)-alanine, despite the presence of this readily oxidizable sub- 
stances. Furthermore, we found that insulin, in the presence of 
small amounts of fumarate, appreciably increased the oxygen up- 
take of liver slices; yet its effect upon the deamination of d(—)- 
alanine was not increased. 

The significance of this apparent steric selectivity also remains 
a matter for conjecture. 

Contrainsular Activity of Pituitary—The reviews of Russell 
(1938) and Long and White (1938) discuss the evidence to support 
the assumption that insulin and an anterior lobe factor are an- 
tagonistic hormones which, by some mechanism at present un- 
known, exert a purely regulatory action upon carbohydrate 
metabolism. We have found that the exaggerated deamination 
by the diabetic cat liver both without added substrate and with 
dl-alanine is restored to normal in the Houssay cat. Further, we 
have found that the completely or partially depancreatized cat 
may respond to the injection of anterior pituitary extracts by an 
increased rate of deamination by liver slices, and when it does, 
insulin may at times markedly inhibit this increased deamination. 
These experiments, then, are in support of this “antagonistic 
hormone”’ theory. 

Carbohydrate Synthesis by Diabetic Liver Slices—In our experi- 
ments with diabetic liver slices we have found an increased deam- 
ination both “‘plain’”’ and with dl-alanine. However, the new 
formation of carbohydrate does not parallel this. In point of 
fact, new formation of carbohydrate “plain’”’ is less than in the 
normal and dl-alanine is apparently not converted to carbohy- 
drate. These results are in sharp contrast to the active new 
formation of carbohydrate and the essentially complete conversion 
of the dl-alanine deaminated to carbohydrate by the normal 
cat liver slice. It might be emphasized that our results are not 
in accord with the hypothesis that in diabetes the liver is over- 
producing carbohydrate from non-carbohydrate sources. 

Tentative Hypothesis—In some respects our experimental results 
differ from those of Bach and Holmes: (1) In rats and normal and 
diabetic cats, we found no significant effect of insulin upon the 
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new formation of carbohydrate by liver slices. (2) We found that 
the deamination by liver slices occurring in the absence of added 
amino acid was not significantly influenced by insulin. (3) The 
inhibitory action of insulin appears to be manifest with non-glyco- 
genic as well as glycogenic amino acids. It is hoped that further 
experiments will reconcile these differences, but in view of them it 
appears to us, at present, that the hypothesis of Bach and Holmes 
is too broad. We are inclined tentatively to propose a more 
limited working hypothesis; namely, that a possible action of 
insulin is to regulate protein metabolism by partially inhibiting 
the oxidative deamination of the d isomers of non-glycogenic and 
glycogenic amino acids. The more definitive significance of this 
hypothesis in the problem of the chemical action of insulin in the 
normal and diabetic organism is a matter for future experimenta- 
tion. 


We wish to express our thanks to Mildred S. Wright for her 
helpful criticisms and assistance in the experiments. 


SUMMARY 


1. The possibility that insulin may directly influence the 
metabolism of protein was indicated by finding that it partially 
inhibited the deamination by isolated liver slices of normal 
animals of the (unnatural) d isomers of amino acids. The cor- 
responding natural or | isomers were unaffected. Furthermore, 
in the complete absence of insulin (cats 48 hours after pancreatec- 
tomy) deamination by liver slices was found to be much greater 
than normal. 

2. The new formation of carbohydrate by liver slices of normal 
or diabetic animals was found to be uninfluenced by the addition 
of insulin to the equilibrating medium. In the diabetic cat, de- 
spite the high rate of deamination, there was found a subnormal 
new formation of carbohydrate. 

3. The “contrainsular” activity of the pituitary was manifested 
in two ways. (a) In the hypophysectomized-depancreatized 
cats the hypernormal deamination by liver slices found in the 
depancreatized cat was restored to normal. (b) Diabetic cats 
receiving prior injections of anterior pituitary extracts showed in 
four-fifths of the cases hypernormal rates of liver deamination. 
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4. The activity of preparations of d-deaminase was uninfluenced 
by insulin. 

5. The relation of these findings to the problem of the action of 
insulin upon intermediary protein and carbohydrate metabolism 
is discussed. 
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Recently Krebs and his coworkers (1937, 1938) proposed a 
cyclical mechanism by which the oxidation of carbohydrates in 
the tissues is catalyzed. Our understanding of this hypothesis 
is as follows: 

Some split-product of carbohydrate, a triose or similar com- 
pound, condenses with oxalacetic acid present in the tissues to form 
citric acid. This citric acid formation initiates a cycle involving 
the successive formation of a-ketoglutarate, succinate, fumarate, 
malate, and finally oxalacetate, thus completing the cycle. In 
the course of the cyclical reactions there occurs a succession of 
oxidative decarboxylations by which the triose is oxidized to CO, 
and H,0. 

Using minced pigeon breast muscle suspended in phosphate 
buffer to which had been added abundant coenzyme in the form 
of boiled heart extract, Krebs and Eggleston (1938) found that 
the addition of the intermediates in the cycle, particularly citrate, 
increased the oxygen consumption above and beyond the amount 
necessary to oxidize completely the added citrate. For conven- 
ience the catalytic ratio 


___ Excess O, with citrate 
O, equivalent of citrate added 





is defined which, when it is greater than 1, indicates catalysis. 
Our calculations, from all the data of Krebs and Eggleston on the 


* Aided by grants from the Penrose Fund of the American Philosophical 
Society and the Ella Sachs Plotz Foundation. 
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complete system (phosphate, boiled heart extract, citrate, muscle 
mince), give a value for the ratio of 4.40 + 1.50, indicating, as 
Krebs and Eggleston had concluded, a catalytic effect of citrate. 

They also found that the addition of zinc-free insulin (1 unit per 
ec.) to this system caused a further increase of oxygen consump- 
tion, which we calculate from their data to be 55 + 7 per cent. 
This insulin effect was not found in the absence of citrate. Krebs 
and Eggleston concluded that insulin acts catalytically to oxidize 
carbohydrate by catalyzing the oxidation of the intermediates in 
the cycle, particularly citrate. 

The importance of the problem of the facultative or obligatory 
catalytic action of insulin upon carbohydrate oxidation by muscle 
led us to test these hypotheses further by a series of experiments 
similar to those of Krebs and Eggleston. 


EXPERIMENTAL 


The pigeons were, as a rule, fasted for 24 hours. They were 
killed by decapitation, plucked, and the breast muscles quickly 
dissected out and cooled on ice. The muscle was then minced in 
the cold room at 0° by the Latapie mincer, and the mince, in 
weighed amounts, was suspended in the appropriate buffer. 
The thoroughly stirred mince was then pipetted into conical War- 
burg vessels which had previously been set up with the indicated 
additions of citrate and insulin. The final volume was 3.0 cc., 
and the concentration of buffer alike in all vessels. 

The center well was equipped with a filter roll and alkali and, 
after a 10 minute period for temperature equilibration, the taps 
were closed and the reading begun. The respiration was followed 
for a period of 200 to 400 minutes until it had practically ceased. 
Only the final oxygen consumptions, calculated as micromoles per 
gm. of wet muscle, are reported. 

Two types of buffer were used, the initial pH being 6.8 in both. 


I. Na:sHPO, + KH,PO, = ee ee ee ee 0.100 
Il. > os ” a i Wimids sv ciabumeeueas. .... 0.050 
seo sparen a tie OER cic vanes kone 0.130 
ERNE ss ioe nesdcness ap oe gthnbdandveceusdl 0.005 


Sg ded panes Gee svekoctipalicdtccinn eet tee 0.007 
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Boiled Muscle Extract—This was prepared fresh from minced 
sheep heart by stirring with equal volumes of water at 100° for 
10 minutes and filtering. The proportion of extract to the total 
volume was usually 1:3. 

Insulin'—Lilly’s amorphous insulin powder, assayed at 22 
units per mg., was used. It contained essentially no zinc and was 
of the highest purity obtainable. 


TaB.e I 

Effect of Citrate at Varying Concentrations upon Total Oxygen Uptake of 
Normal Pigeon Muscle Mince at 38° 

Boiled sheep heart muscle extract present in all vessels; phosphate 

Buffer I or II; initial pH 6.8; 0.3 gm. of muscle mince in 3 ec. 














Pigeon No. ~-— Os uptake, Citrate "traie to Or without Catalytic ratio 
| mcr ny aad mo per l. 
36 | 294 2 1.46 0.86 
30 0.91 —0.10 
37 130 2 1.24 0.34 
| 40 0.80 —0.01 
43 | 201 2.6 1.64 0.59 
| 12.4 2.36 0.26 
| | 20.8 2.59 0.18 
46 215 | 0.4 1.00 0.00 
0.8 1.03 0.09 
1.2 1.20 0.38 
1.6 1.33 0.48 
| | 2.0 1.39 0.44 
62 | 198 | 4 1.75 | 0.91 
98 200 | 10 1.41 0.14 
101A 159 4 1.38 0.71 
a A aOR 1.43 + 0.12 














Effect of Citrate upon Respiration—In Table I we show the respi- 
ration of muscle mince. The second column gives the total basic 
oxygen uptake; i.e., the oxygen uptake of the mince suspended in 
the phosphate buffer without the addition of citrate. The fourth 


! We are indebted to Dr. F. B. Peck of the Lilly Research Laboratories 
for generous supplies of zinc-free insulin. 
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column gives the ratio of the oxygen uptake with citrate to the 
basic oxygen. In practically all cases there was found an increase 
(mean 43 + 12 per cent) of oxygen uptake, except with high cit- 
rate, when a depression was usually found. From our values of 
the catalytic ratio, however, we were unable to find any evidence 
that citrate catalytically increased the oxygen uptake. In no 
case did we find a ratio greater than 1.0, even in the presence of 
low concentrations of citrate. 

Effect of Insulin upon Oxygen Uptake of Muscle Mince—The 
last column of Table II gives the ratio of the oxygen uptake with 
insulin to that without insulin at the particular concentration of 
citrate indicated. This ratio varies from 0.89 to 1.37 and in the 
mean is 1.13 + 0.023, which we consider significantly different 
from 1.0. That is to say, we find that insulin had an effect upon 
the oxygen uptake of pigeon muscle mince (13 per cent increase) 
although this is less than that found by Krebs and Eggleston (55 
per cent). Whether this effect of insulin is manifested only in the 
presence of citrate is difficult to say. For the six observations of 
the effect of insulin without added citrate the mean ratio? was as 
follows: 


No. of Ratio, O: with insulin 
observations to O: without insulin 


Te oc abeaeal's s 6 1.08 + 0.055 
Se ee Sa Cee ee 21 1.12 + 0.026 


These ratios are not significantly different. 

Action of Insulin with Fumarate on Normal and Diabetic Pigeon 
Muscle Mince—According to the Krebs cycle hypothesis, insulin 
should be effective in catalyzing oxidations of muscle mince with 
fumarate as well as with citrate. We tested this (Table III) on 
normal pigeon breast muscle mince, but were unable to find any 
consistently significant effects of insulin upon the oxygen uptake. 
In one case, the addition of hexosediphosphate as a known pre- 
cursor of triose did not strikingly enhance the action of insulin. 

If insulin is a limiting factor in muscle oxidations, it should be 


2? Whenever a mean value together with the standard error of the mean 
is given, the latter was calculated by the method of Peters; viz., 


1,25 = deviations from mean 
Standard error of mean = — = = 





n/n — 1 
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Effect of Insulin upon Total Oxygen U ptake of Normal Pigeon Muscle Mince 
in Presence of Citrate at Varying Concentrations at 38° 

Boiled sheep heart extract present in all vessels; phosphate Buffer I or 

II; initial pH 6.8; 0.3 gm. of mince in 3.0 ce. 





Pigeon No. 


43 


46 


62 
63A 


63B 


101A 


101B 





Citrate 


mM per |. 


nem 


SSSSSSawenwcocoBtwoSweoSwo 
Sav we 
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Total O: uptake, 
no insulin 


micromoles per 








Zinc-free insulin 


units per cc. 


~~ eee RR he ONO Om me 
coacc a 


Ratio of O: with 
insulin to O: with- 
out insulin 
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Mean (31 samples) 
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* Also contained 0.005 m hexosediphosphate. 
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quite effective in accelerating oxygen uptake in the diabetic pi- 
geon. But we did not find this to be the case. Two completely 
depancreatized pigeons were prepared for us by Dr. I. Ravdin, 
of the Department of Research Surgery, to whom we are greatly 
indebted. Both of these pigeons showed within 48 hours a marked 
elevation of the blood sugar and a considerable elimination of 
glucose. They were used 48 hours after the operation, when they 


Tas.e III 
Effect of Fumarate with and without Insulin upon Oxygen U ptake of Normal 
and Diabetic Pigeon Muscle Mince at 38° 
0.30 gm. of mince in each vessel; total volume 3.0 cc.; Buffer II; boiled 
heart extract 0.33 of volume; Lilly’s zine-free insulin at 1 unit per ee. 








| Ratio of Os uptake to basic Os uptake 














Pigeon No. | BasicO: | Fumarate | cm 
| No insulin With insulin 
poe per | ma per |. 
Normal ° 
98 200 0 0.90 
5 1.15 1.21 
101B 286 0 0.92 
2 1.02 0.96 
2* 0.97* 4.32° 
Diabetic 
93A 223 5 0.97 0.98 
5t 0.89T 0.85t 
95A 153 0 1.22 
5 1.00 1.18 
5t 1.14t 1.28t 
5t | 0.79% 1.18t 














* Also contained 0.005 m hexosediphosphate. 
t Also contained 0.1 per cent glycogen. 
} Also contained 0.020 m glucose. 





were in excellent shape. The duodenal circulation was quite 
intact and there was no evidence of necrosis of the gut. No 
pancreatic remnant was found. The results with these prepara- 
tions are also shown in Table III. We found with fumarate 
present in the medium that insulin was no more effective in increas- 
ing the oxygen uptake than in the case of the normals. 

Action of Insulin upon the Oxygen Uptake of Muscle Mince of 
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Normal and Diabetic Cat—With normal cat muscle mince we were 
unable to find any catalytic effect of citrate upon the oxygen up- 
take. Nor did we find that insulin with citrate was effective. 
This is in agreement with the findings of Shorr and Barker (1939). 


TaBLe IV 
Effect of Citrate with and without Insulin upon Oxygen Uptake of Muscle 
Mince of Normal and Depancreatized Cats at 38° 
0.30 gm. of muscle; total volume 3.0 cc.; Buffer II; boiled heart extract 
0.33 of volume ; Lilly’s 8 zine- e-free insulin, 1 unit per ce. 




















tea be ._| | Ratio of Or uptake to bane Or uptake 
No.| O: rf . 
| Noinsulin | With insulin 
Normal cat 
4 
cro- | 
moles | 
per 
60 |60 | No addition 
0.004 m citrate (1.13 
0.1 % glucose 0.87 + 0.04* | 0.80 + 0.005* 
0.1% = +0004 u citrate | | 0.97 + 0.008° | 1.03 + 0.06* 








_Depancreatized cats 








52 50 | No addition | | | 
0.002 m citrate | 1.25 + 0.02* | 1.57 + 0.16" 
_ 0.010 ‘* hexosediphosphate 1.52 (1.58 
0.002 “ citrate + 0.01 w hexose- 1.76 + 0.00* | 1.86 + 0.02" 
| diphosphate 
55 119 | 0.009 hexosedi phosphate 
| 0.009 “ + | 1.02 ‘1.01 
| 0.002 m citrate 
55 | 9.5) 0.1% glucose 
0.1% “ + 0.002 m citrate | 1.35 + 0.05° vi. 33 + 0.08° 








* Mean of two samples. 


In the case of the diabetic cat we found considerable variation 
in the basic oxygen uptake of the muscle mince. However, we 
found that citrate or citrate + hexosediphosphate increased the 
oxygen uptake, but this increase is considerably less than the oxy- 
gen equivalent of the citrate added. With insulin + citrate, the 
respirations were essentially the same as those without insulin; 














418 Insulin Effect on Muscle Oxidation 


i.e., we were unable to find any catalytic effect of insulin upon 
oxygen uptake with diabetic cat muscle mince. It will be noted 
(Cat 55) that insulin in the presence of glucose and citrate did 
not enhance the respiration. See Table IV. 

Effect of pH and Proportion of Boiled Muscle Extract—Krebs 
and Eggleston state that the catalytic effect of citrate is found 


TABLE V 


Respiration of 0.30 Gm. of Muscle Mince from Normal Fasted Pigeon (No. 
1010) Suspended in 100 Per Cent of a 1:1 Boiled Beef Heart Extract, and 
Effect of Citrate with and without Insulin Thereon 

Final composition of buffer (with or without extract), NazHPO, 0.050 m, 
NaCl 0.133 m, KCl 0.007 m, MgCl, 0.005 m. Initial pH 7.00 (buffer without 
mince) ; final volume 3.0 cc. ; 38°. 

Lilly’s zine-free insulin = 1 unit per cc.; Stearn’s zinc insulin = 1 unit 
per ce. Basic oxygen uptake with extract = 260 micromoles per gm. for 
150 minutes. 














| Rati Ratio of Oz with 
Ratio of Qs uptake | non tor ithe | Final pl 
| | 
No extract; no additions.| 0.50 6.78 
With 100% extract | | 
No additions........... 1.00 6.81 
Insulin................] 1.00 | 1.00 6.74 
0.001 m citrate......... | 1.06 + 0.03* | | 6.81 + 0.01* 
0.001 “ + in- | | | 
SR ire eaten eas ¢ vin » | 1.13 + 0.07* | 1.07 + 0.05* | 6.81 + 0.01* 
0.001 m citrate + zinc 
7 Se aaa (1.7 “112 6.83 
0.005 m citrate......... | 1.34 6.88 
0.005 “* +4 ine) 
6 117 | 0.87 6.88 
0.005 m citrate + zine 


en 1.00 | 1.00 6.83 








* Mean of duplicate samples. 


only at pH 6.8 and not 7.2 and attributed Breusch’s (1937) failure 
to find it to his use of buffers at 7.2. We have paid particular 
attention to this point. Besides using buffers initially at pH 6.8, 
we have determined the pH of the final equilibrated mince with the 
glass electrode. We have never found a final value lower than 
6.6 pH and in the mean the values center around 6.7. 

We have also tested more specifically the relation of the insulin 
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effect to the concentration of coenzymes and substrates contained 
in the boiled heart extract. For this purpose we used 100 per cent 
of a 1:1 boiled extract of beef heart which has been made up to the 
concentrations indicated in Table V by the addition of the solid 
salts. The presence of the boiled extract doubled the total oxygen 
uptake, indicating that it was rich in coenzymes and substrates. 
In no respect are the results of this experiment different from those 
previously discussed. We found an effect of citrate at 0.001 m 
and 0.005 m equal only to 34 per cent and 39 per cent respectively 
of the oxygen equivalent of citrate added. The effects of insulin 
varied from —13 to +12 per cent. At the end of the respiratory 
period the pH of the contents of the Warburg vessels was deter- 
mined by means of the glass electrode. The values centered 
around 6.8 pH, at which, according to Krebs and Eggleston, 
the citrate effects should be maximum. 


DISCUSSION 


The evidence that insulin is an obligatory catalyst for the 
oxidation of carbohydrate by the muscles is not unequivocal. The 
classical view based on experiments in the intact animals, upon 
eviscerated preparations, or perfused hearts maintains the affirma- 
tive, but recent developments, particularly those related to the 
Houssay phenomenon, have considerably shaken this opinion. 
The demonstration of a catalytic effect of insulin on the carbo- 
hydrate metabolism of muscle by experiments in vitro is, for ob- 
vious reasons, of prime importance. Krebs and Eggleston have 
shown that insulin enhances the oxygen uptake of minced pigeon 
muscle. In our own experiments we have shown the same thing. 
The effect is small, but, in our opinion, it is undoubtedly sig- 
nificant. We therefore come to the conclusion of Krebs and 
Eggleston ; viz., insulin catalytically increases the oxygen uptake of 
minced pigeon muscle. The relation of this effect of insulin to the 
carbohydrate metabolism of muscle is still obscure. 

Krebs’ citrate cycle hypothesis, and the relation of the effect 
of insulin to it, remains a matter for future experimentation. 

Breusch (1937) was unable to confirm Krebs and Johnson (1937) 
in a crucial aspect of the problem; viz., the enzymatic synthesis 
of citrate from oxalacetate by muscle mince. Nor was he able 
to find a catalytic effect of citrate as determined by the excess of 
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oxygen uptake over the oxygen equivalent of the citrate added. 
In our own experiments, we have been unable to show, by the same 
criterion, any catalytic effect of citrate upon the respiration of 
muscle mince of normal or diabetic pigeons and of normal or 
diabetic cats. 

The relation of citrate to the catalytic action of insulin remains 
undecided. In our experiments with normal animals we could 
find no difference between the effect of insulin with or without 
citrate. We were also unable to demonstrate an enhanced effect 
of insulin, either with citrate or fumarate, upon the respiration of 
the muscle mince of the diabetic pigeon or cat. Our results are, 
in general, in conformity with those of Shorr and Barker (1939) 
who found small (20 per cent) but significant effects of insulin 
upon the respiration of pigeon muscle mince. They, also, were 
unable to demonstrate this effect with muscles of normal cats, or 
with dogs, or rabbits. 

If insulin is a limiting factor in the oxidations in muscle, one 
might expect an increased effect of insulin in the diabetic. The 
failure to observe such an enhancement by insulin upon the 
oxygen uptake of muscle mince of diabetic pigeons and cats is a 
serious defect in the evidence for the hypothesis. But this must 
not be weighed too heavily, for our experience brings us to the con- 
clusion that the penetration of insulin into tissues, or the develop- 
ment of its action, requires a considerable time. The respiration 
of muscle mince falls off rapidly to 0 in 2 to 3 hours, which time 
may be quite insufficient for insulin to exert its full effect. This 
point is illustrated in a subsequent paper (Stadie, Zapp, and 
Lukens, 1940) in which considerable effects of insulin upon the 
ketone formation by diabetic cat liver slices were manifested after 
equilibration for 4 hours. 


We wish to express our thanks to Mildred 8S. Wright for her 
helpful criticisms and assistance in the experiments. 


SUMMARY 

1. The oxygen consumption of muscle mince of normal pigeon 

breast suspended in phosphate buffer at pH 6.8 together with 

boiled muscle extract was increased (mean 43 per cent) by the 
presence of citrate. 
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2. This effect, in our opinion, is not catalytic, since the excess 
oxygen is always less than the oxygen equivalent of the citrate 
added. 

3. Insulin at 1 unit per ce. increased the oxygen uptake of 
normal pigeon muscle mince (mean 13 per cent), but this effect is 
apparently independent of the presence of citrate. 

4. The effect of insulin was not significantly enhanced when 
muscle mince of diabetic pigeons or cats was used. 

* 5. The relation of these findings to Krebs’ citrate cycle hypoth- 
esis is discussed. 
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Until recently the views prevalent in the literature with respect 
to ketone formation in the normal and diabetic organism were as 
follows: The long fatty acid carbon chains are split by successive 
8 oxidation, 2 carbons at a time, with the formation of inter- 
mediate shorter fatty acids and acetic acid (Knoop hypothesis). 
Normally this process continues to completion, but in the absence 
of sufficient carbohydrate stores (fasting), or without insulin as 
an obligatory carbohydrate catalyst (diabetes), the process stops 
at the 4-carbon ketone stage. Each molecule of fatty acid gives 
rise to 1 molecule of ketone. An obligatory chemical coupling of 
the oxidation of carbohydrate and ketones was assumed. Failing 
carbohydrate oxidation, ketones cannot be utilized by the periph- 
eral tissues; hence they are excreted in toto. 

Ketone Utilization by Peripheral Tissues—Since 1928, however, 
considerable evidence has accumulated in the literature, neces- 
sitating complete revision of these concepts. For example, 
Snapper and Gruenbaum (1928), in perfusion experiments on stri- 
ated muscle of normal animals, found a considerable disappear- 
ance of circulating ketones. Chaikoff and Soskin (1928), from a 
study of the rate of disappearance of ketones from the blood fol- 
lowing injection of acetoacetate, concluded that ketones are 
utilized by the muscles of the diabetic as well as the normal 
eviscerated dog. Later Friedemann (1936) and Mirsky and Broh. 


* Aided by grants from the Penrose Fund of the American Philosophical 
Society and the Ella Sachs Plotz Foundation. 
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Kahn (1937) performed similar experiments and came to the same 
conclusion. Barnes, MacKay, Moe, and Visscher (1938) demon- 
strated a disappearance of 8-hydroxybutyrate from heart-lung 
preparations of normal dogs and goats. Recently Blixenkrone- 
Moller (1938, a, b) showed in a convincing manner, by perfusion 
experiments on the hind limbs of normal and diabetic cats, that 
there was an active utilization of ketones by muscle. This was 
markedly increased in the contracting muscle, and Blixenkrone- 
Meller (1938, b) concluded that ketone oxidation might furnish a 
considerable fraction of the total energy requirements. Toenies- 
sen and Brinkman (1938), from similar perfusion experiments in 
the normal rabbit, also concluded that ketone bodies formed in 
the liver are burned in the muscles. 

Hypothesis of Multiple Alternate Oxidation of Fatty Acids—As 
early as 1916, Hurtley rejected the Knoop hypothesis of successive 
8 oxidation as an explanation of the mechanism of production of 
ketones in the diabetic. Large amounts of the intermediate fatty 
acids (butyric, caproic, etc.) should be formed in a diabetic excret- 
ing 70 gm. of ketones a day. But Hurtley found no significant 
amounts of butyric acid in the blood or tissues in such a case. He 
therefore proposed the hypothesis that the fatty acid is attacked 
at alternate carbon atoms simultaneously along the whole length 
of the carbon chain according to the scheme, . . .CH:-CH2-CHe- 
CH,-CH:-CHe. oo ™@ ae .CO.CH:-CO-.CH:-CO-CHsg. ee 

Jowett and Quastel (1935) studied the rate of formation of ke- 
tones from fatty acids by liver slices. They also abandoned the 
successive 8 oxidation hypothesis and adopted that of Hurtley, 
which they called the “multiple alternate oxidation” hypothesis. 
According to it, the fatty acids undergo an oxidation throughout 
the entire fatty chain, alternate carbon atoms being affected. As 
a result, the entire molecule breaks down into acetoacetic acid and 
perhaps other acid products. 

Deuel, Hallman, Butts, and Murray (1936) studied the rate of 
excretion of ketone bodies in rats after feeding ethyl esters of fatty 
acids. Their results indicated that in the case of palmitic, stearic, 
and oleic acids at least 3 molecules of ketones were formed per 
molecule of fatty acid oxidized, and they therefore supported the 
hypothesis of multiple alternate oxidation. 

Blixenkrone-Moller (1938, a) compared the oxygen consumption 
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of perfused livers from diabetic cats with the total ketone produc- 
tion. It was possible to explain the low oxygen to ketone ratio 
only by assuming that 4 molecules of ketones were formed per 
molecule of fatty acid oxidized. 

In the experiments reported in this paper we present evidence 
bearing on these problems. We have determined the rate of 
formation of ketone bodies and the oxygen consumption of sur- 
viving liver slices of normal and diabetic cats. We have also 
determined directly the utilization of ketones by muscle mince of 
normal and diabetic cats. In addition, we have experiments 
showing the influence, in vitro, of carbohydrates with and without 
insulin upon ketone formation by the liver of diabetic cats. 


EXPERIMENTAL 


Animals—The diabetic cats were depancreatized under nem- 
butal anesthesia and used, as a rule, 48 hours later. The com- 
pleteness of pancreatectomy was confirmed by autopsy and by the 
degree of glycosuria. 

Preparation of Tissue. Liver—After a preliminary period of 
1.0 hour (for the collection of urine) the abdomen was opened 
under nembutal anesthesia, and the aorta was severed. The liver 
was placed in ice-cold saline and weighed. Samples were taken 
for total fats, glycogen, ketones, ete. Slices (0.40 + 0.05 mm.) 
were prepared with a double razor blade cutter. Averaging 200 
mg., they were placed in conical Warburg vessels together with 
3.0 ce. of appropriate medium and 100 per cent oxygen. The 
respiration period was 2.0 hours. The total oxygen consumption 
and CO, production determined by the customary Warburg 
technique (38°) are given as micromoles per gm. of wet liver. 

Muscle—Portions of muscle as free as possible from tendinous 
tissue were quickly dissected out, collected on cracked ice, and 
minced (in the cold room at 0°) by the Latapie mincer. Weighed 
portions of this mince were transferred to Warburg vessels con- 
taining the appropriate media, through which 100 per cent O, 
was passed for 1 minute, and transferred to the bath at 38° for 
measurement of oxygen consumption, etc. 

Collection of Urine—The urinary ketone excretion was always 
measured exactly 1.0 hour before the animals were killed. The 
bladder was initially emptied by pressure upon’ the abdomen. 
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At the end of 1.0 hour, the bladder was again emptied in the same 
way, and the completeness of emptying was verified by inspection 
of the bladder after the abdomen was opened. 

Buffered Medium—This was always 3.0 cc., and the composition 
(aside from additions indicated for the individual experiments 
in the tables) was 0.050 m sodium phosphate (pH 7.0), 0.130 m 
NaCl, 0.007 m KCl, and 0.005 m MgCle. 

Insulin'\—The insulin used was Lilly’s amorphous insulin of 
highest purity. It was zinc-free and assayed 22 units per mg. 
Appropriate solutions were made up at pH 7.0 and added to the 
vessels at the final concentration indicated. 

Analysis of Ketones. Tissue and Warburg Vessel Contents—At 
the end of the period of equilibration, the Warburg vessels were 
chilled in ice water for 5 minutes and then, through the side sac, 
0.5 ec. of a 2 per cent solution of sodium bisulfite was added to 
bind any acetone which had formed. The tissue plus the con- 
tents of the vessel was transferred quantitatively to a calibrated 
centrifuge tube and appropriate amounts of tungstic acid reagent 
were added to precipitate the proteins. Replicates of the centrif- 
ugate were then analyzed for ketones by a slightly modified 
Shipley and Long (1938) method, which we found excellently 
suited for the determination of amounts of ketones down to 0.05 
to 0.1 micromole. Each sample was analyzed separately for 
acetoacetic acid and 6-hydroxybutyric acid. 

The determination of the acetone in the distillates was carried 
out by means of the Scott-Wilson reagent. Readings of the 
turbidity were made on the Evelyn photoelectric colorimeter, 
with a standard curve which was measured anew for each set of 
determinations. 

All values of acetoacetate, 6-hydroxybutyrate, or total ketones 
are reported as micromoles per gm. of wet tissue. 

Calculation—To calculate from gm. of liver to kilos of cat we 
used our average value of 26.3 + 1.5 gm. of liver per kilo of cat. 
To calculate from gm. of muscle to kilo of cat we assumed an 
average of 350 gm. of muscle per kilo of cat. 

Ketone Formation by Liver Slices of Fasted Normal Cats—There 
was found (Table I) a considerable ketone formation by the liver. 
Since urinary excretion was zero in all cases during the pre- 


1 We are indebted to Dr. F. B. Peck of the Lilly Research Laboratories 
for generous supplies of insulin. 
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experimental period of 1.0 hour, we conclude that there was a 
considerable ketone utilization (240 + 17 micromoles per kilo 
of cat per hour)? by the peripheral tissues, presumably for the 
most part by the muscles. 


TaBie [| 

Basic Ketone Formation by Liver Slices and Ketone Utilization by Normal and 
Diabetic Cats* 

Average weight of slices 200 mg.; 3.0 ce. of phosphate buffer (no added 

nutrient); 2.0 hours equilibration; 38°. 





Ketone formation } Ketone ex- 



































: . Ketone utili- 
Fasted| Cat | Liver ate cretion per | sation kil 
=. weight| weight Per gm. liver Per kilo cat net aed eateee ke 2 
per hr. per hr. , 
Normal cats 
ae | hrs. | kg. pay ; aipenia micromoles ” | micromoles | micromoles 
9A | 48 /3.5/ 104) 8.2429 | 20+ 86, 0 | 240 + 86 
9B | 72 | 2.0| 43 | 13.341.0| 20421) 0 280 + 21 
gC | 84 26) 68) 5.7 | 150 0 150 
Mean...............| 97414| 20417/ 0 | ™0417 
Diabetic cats (48 hrs. after pancreatectomy) 
31 | 48: | 2.6) 64/ 36 885 (33002—«| «655 
79 «| 4813.1) 66) 50 / 1065 105 | 960 
%A | 48 2.8 84 | 70 | 2105 «(155 1950 
9B | 48 2.1 62) 55 | (1175 30 | 1145 
9C | 48 [2.5 74) 27 810 | 0 810 
9D | 48 3.1 77) 33 825 30 | 795 
%E | 48/24 58) 58 | 1280 | (185 1095 
OF | 48 [2.7 82) 55 | 1650 | 180 1470 
Mean........ (47 +6 | 1200+ 150 130 + 35) 1100 + 150 





* Whenever in this or the subsequent tables a mean value with its 
standard error is given, it indicates that two or more separate samples of 
tissue were equilibrated and the mean value recorded. 


Basic Ketone Formation by Liver Slices from (48 Hour) Diabetic 
Cats—The average ketone formation by the liver (1200 + 150 


* Wherever a mean value together with the standard error of the mean is 
given, the latter was calculated by the method of Peters; viz., 
1.25 = deviations from mean 


nJ/n—1 





Standard error of mean = 
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micromoles per kilo of cat per hour) during the experimental 
period in vitro was about 10 times the mean urinary excretion 
during the 1.0 hour preexperimental period in vivo. 

In the diabetic cat, in contrast with the normal cat, the enzyme 
system concerned with the oxidation of ketones may be assumed 
to be saturated when ketones are excreted, and ketone utilization 
is then probably maximal. The mean excess (1100 + 150 
micromoles per kilo per hour) of ketone formation over ketone 
excretion probably represents the maximum ketone utilization of 
the diabetic cat. 

These experiments illustrate further that the urinary ketone 
excretion of normal or diabetic animals is unreliable as an index 
of the rate of ketone production. 

Direct Determination of Ketone Utilization by Minced Muscle 
from Normal and Diabetic Cats—We were successful in demon- 
strating this in the case of acetoacetate in the following way. 
0.2 gm. samples of muscle mince of normal or diabetic cats were 
equilibrated for 2.0 hours at 38° in Warburg vessels containing 
3.0 cc. of phosphate buffer and known amounts of acetoacetate. 
Parallel samples of muscle mince were run without the addition of 
acetoacetate to measure the spontaneous formation of 8-hydroxy- 
butyrate which usually occurred, and for which a correction was 
made in the calculation. At the end of the period of equilibration, 
the samples were deproteinized and analyzed for acetoacetate and 
8-hydroxybutyrate. The muscle mass was assumed to be 350 
gm. per kilo of cat and ketone utilization per kilo of cat was cal- 
culated accordingly from the value per gm. of muscle. By this 
direct method we found (Table II) a utilization of acetoacetate, 
which in the mean was 915 + 265 micromoles per kilo per hour. 

In similar experiments with added 8-hydroxybutyrate, we were 
unable to demonstrate a diminution of total ketones (Table I). 
In point of fact, we found as a rule an increase, chiefly of 6- 
hydroxybutyrate. There is evidence in the literature against the 
participation of the muscles in ketone formation. On the other 
hand, Krebs and Johnson (1937) have demonstrated the formation 
of ketones in muscle from pyruvic acid, implying that carbohydrate 
as well as fat may be a source of ketones. Our own experience 
and that of Krebs and Johnson indicate that it is not possible to 
exclude the muscles as a site of ketone formation. 
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Our experiments also raise the question whether acetoacetate 
is the sole form of ketone which is oxidized by muscle. 

Ketone Utilization by Diabetic Minced Muscle Simultaneously 
Equilibrated with Diabetic Liver Slices—It is possible that the oxida- 
tion by muscle mince of §-hydroxybutyrate is limited to the 
naturally occurring 1 isomer. This we did not have available. 


TaB_e II 
Direct Determination of Utilization of Ketones by Muscle Mince of Normal 
and Diabetic Cats 
200 mg. of mince; 3.0 ce. of phosphate buffer with added ketones; 2.0 
hours; 38°. 








2 ; m3 Censentention of Net change* of ketones ow 
Cat No. Class | aeetoacetic acid i hr 

















kilo cat per hr. 
— - mM per i. micromoles 
96A Diabetic 5.0 —1600 + 60 
96C = 0.4 —570 + 210 
Y9A Normal 2.0 — 1580 + 175 
99B - 2.0 —3152 0 
y9C | o | 0.4 —100 
Mean (9 samples)... . hai eee | —915 + 265 
Se ee "| @Hydroxybutyrie | 
96A Diabetic 5.0 | —730 + 420 
96B “ 2.0 | +670 + 210 
96C “ 0.4 — 130 
99A Normal 2.0 | +600 + 700 
99B . 2.0 | +350 + 140 
99C ny 0.4 +90 
BRS AC. aw cae Uohs ltd dhe ee. cmelaeeaesie teen +140 + 220 





* Calculated from the change per gm. of muscle by assuming the muscle 
mass to be 350 gm. per kilo. 


At any rate, we were able to demonstrate the oxidation of ketones 
by diabetic muscle mince by a third method; viz., the simultaneous 
equilibration of diabetic liver and muscle. By this device the 
muscle would presumably be supplied with the natural ketones 
continuously formed by the diabetic liver and, to a certain extent, 
the conditions in vivo would be imitated. 0.2 gm. portions of 
diabetic muscle mince were placed in Warburg vessels together 
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with 30 mg. slices of diabetic cat liver and 3.0 cc. of phosphate 
buffer. 100 per cent O. was passed into the vessels for 1 minute 
and the vessels equilibrated at 38° for 2.0 hours. In parallel 
vessels, similar portions of muscle and liver were equilibrated 
independently. The assumption was made that the rate of 
formation of ketones by the liver equilibrated with the muscle 
was the same as that of the liver equilibrated independently, and 
the calculations were made accordingly. We found (Table III) 
by this method a mean utilization of ketones of 2070 + 430 
micromoles per kilo per hour. 


TaB_e III 
Ketone Utilization by Muscle Mince of Diabetic Cat When Simultaneously 
Equilibrated with Diabetic Liver Slices As Source of Ketones 
200 mg. of muscle mince ; 30 mg. of liver slices ; 3.0 ec. of phosphate buffer; 
2.0 hours; 38°. 





O: consumption of liver + muscle per 
Cat No. | Utilization of ketones | 2.0 hrs. 











| per kilo cat per hr. > hae oe Ft ee 
| Calculated Observed 
| micromoles micromoles micromoles 
96A | 2800 64 65 
96B 1820 | 31 | 34 
96C 1580 34 33 
Mean........... | 2070 + 430 





We also compared the observed oxygen uptake of the combined 
liver and muscle systems with that calculated from the oxygen 
uptake of the samples equilibrated independently. The agree- 
ment of the calculated with the observed values is an indication 
that the oxidations of the liver slice and muscle mince in the com- 
posite system were going on independently of each other. 

Comparison of Portal and Hepatic Blood Ketones—To show that 
the rate of ketone formation by liver slices in vitro is essentially 
the same as that of the intact liver with normal circulation, we 
obtained blood samples simultaneously from the portal and hepatic 
veins of diabetic cats under nembutal anesthesia. These samples 
were analyzed for ketones. 

The blood flow through the diabetic liver is quite variable, but 
as a sufficient approximation we can take the mean value de- 
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termined by Schmid (1908) for the cat as 32 cc. per hour per gm. 
of liver. By the equation 
Gm. liver 


Kilos of cat X liver blood flow (cc. per gm. per hr.) 





X portal-hepatic difference (micromoles per cc.) 


= ketone formation (micromoles per kilo of cat per hr.) 


we calculated the rate of ketone formation in vivo (Table IV). 
The mean value of 1265 + 410 micromoles per kilo per hour is 
to be compared with our mean value obtained in vitro of 1200 + 
150 micromoles per hour (Table 1). The identity of these values 


TaBLe IV 
Ketone Formation by Liver of Diabetic Cats, Calculated from Portal and 
Hepatic Blood Ketone Concentration in Intact Animal 


Blood ketones Calculated liver ketone 








Cat No. Nm A iP I 
Portal | Hepatic | pate. 
| micromoles per cc. | micromoles per cc micromoles 
96D 9.4 10.5 875 
96E 16.4 17.7 1000 
102A 9.7 11.7 1940 
es SR ena ere 1265 + 410 








is evidence that the rate of ketone formation by liver slices in 
vitro is the same as the rate in vivo. 

We have calculated (Table V) from the data in the literature 
the values for ketone utilization obtained by different workers 
and different methods. These are in such good agreement that 
we can accept with assurance the value of 1300 micromoles per 
kilo per hour as representing the maximum basal ketone utiliza- 
tion. 

Molecular Ratio of Keiones Formed to Fatty Acid Oxidized by 
Liver of Diabetic Cats; Multiple Alternate Oxidation Hypothesis— 
It is possible to make an estimate of the ratio from a knowledge 
of the molecular ratio of the oxygen uptake to the ketone forma- 
tion. Three cases have to be considered. 

1. If one assumes, according to the older views, that fatty acids 
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TaBLe V 


Determinations in Literature of Ketone Utilization by Peripheral Tissues of 
_ Normal and Diabetic Animal — 























Mean ketone 
utilization 
micromoles 

per kg. per hr, 

Chaikoff and Soskin (1928) 
By measurement of rate of disappearance of injected ketones 
from blood of 
Diabetic eviscerated dogs......................... ....., 1200 + 400 
Normal eviscerated dogs. . bi BN la ......| 1400 + 230 
Blixenkrone-Mgller (1938, 6) 
By comparison of ketone formation by perfused diabetic cat 
livers with prior urinary ketone excretion....... 1600 + 330 
By measurement of rate of disappearance of ketones from 
blood perfused through 
Resting hind limbs of normal and diabetic cats........... 1100 + 160 
Working “ce e “e “ce oe ce ai Mia . ie Ye + 280* 
Stadie, Zapp, and Lukens 
By comparison of ketone formation by diabetic cat liver | 
slices with prior urinary ketone excretion........ (1100 + 150 
By measurement of ketone utilization of normal and diabetic | 
cat muscle mince in presence of added acetoacetate......| 915 + 265 
By measurement of ketone utilization by diabetic cat muscle | 
mince simultaneously equilibrated with diabetic cat liver | 
ee. no. 6a wen caamnosiewhuan ae’ ...| 2070 + 430 
By measurement of the portal-hepatic ketone difference of 
diabetic cats. . LC aves advs Uae Hee EM CAEN Uae ees 1240 + 410 
“Rees Desai Ietone wiilisation. ........ 2.2.2... ese e ee eee 1340 + 130 





* This value is excluded from the basal mean. 


in the diabetic are oxidized by 6 oxidation to the ketone stage only, 
the reaction for the oxidation of a typical fatty acid (palmitic) is 
CiHnO: + 18.50, = C,HyO; + 1200, + 12H,0 
Molecular ratio of O, to ketones = 18.5:1; R.q. = 0.65 
2. It is possible, however, that the oxidation in the liver is 
partial, yielding only 1 molecule of ketone, the balance of the 
molecule being oxidized to some other acid products, perhaps 
acetic acid. In that case, the reaction is 


CisH202 + 60, = CHO; + 6CH;COOH 
Molecular ratio of O, to ketones = 6:1; R.q. = 0 
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3. According to the multiple alternate oxidation hypothesis, 
the entire molecule is simultaneously oxidized, yielding 4 molecules 
of ketones; the reaction is then 


CisH3202 + 50; = 4C.H,0; 
Molecular ratio of O. to ketones = 1.25:1; R.q. = 0 


In Table VI we give the observed values for the oxygen uptake 
and the ketone formation by liver slices of diabetic cats. In the 
mean, the molecular ratio of these two values is 1.68 + 0.12. It 
must be remembered that there are oxidations other than ketone 

















TasBie VI 
Molecular Ratio of Oxygen Uptake to Ketone Formation by Liver Slices from 
Diabetic Cats 
200 mg. slices; 3.0 cc. of phosphate buffer; 2.0 hours; 38°. 
a eaa | Ketone forma- ts ’ Paes oe 
Cat No | Os per gm. per = per em. kg | R.Q. 
a ome | micromoles micromol es wn aa 5 a 
79 | 157+ 3 | 100 | 1.87 | 0.21 
96A | 192418 | 138 | 7 39 | 0.33 + 0.04 
96B 201 110 (1.88 0.39 
96C 163 | 110 | 1.48 | 0.40 
96D 149 | 67 | 2.22 0.40 
96E | 177 106 | 1.70 | 0.22 
Mean | 175+ 8 | 1048 | 1.6840.12 | 0.324+0.04 


formation occurring in the liver which, if corrected for, would 
make the ratio still lower. For example, we have previously de- 
termined (Stadie, Lukens, and Zapp, 1940) that the mean rate of 
deamination by diabetic liver slices is 16.4 micromoles of urea 
per’gm. per 2.0 hours. It is quite permissible, then, to correct 
the total oxygen uptake by this amount, in which case the mean 
ratio of O2 to ketones would be 1.54:1. This ratio is sufficiently 
close to the one calculated according to the hypothesis of multiple 
alternate oxidation to warrant the conclusion that, in the diabetic 
cat liver, each fatty acid molecule on oxidation yields 4 molecules 
of ketones. This is in complete agreement with the conclusion 
of Blixenkrone-Mgller (1938, a) on the basis of his experiments 
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on the rate of oxygen consumption and ketone formation in per- 
fused diabetic cat livers. 

It is to be noted further that the low r.q. (0.32 + 0.04) of di- 
abetic cat liver slices is in accordance with the expectation that 
the major portion of the oxidations occurring in the diabetic liver 
do not produce CO.. 

Effect of Fructose with and without Insulin upon Ketone Forma- 
tion by Diabetic Cat Liver—Our experiments (Table VII) show the 
possibility of markedly influencing the ketone formation by 
diabetic liver slices with fructose with and without insulin. Most 


Tasie VII 


Effect of Insulin with and without Substrates upon Ketone Formation by 
Liver Slices from Diabetic Cats 


200 mg. slices; phosphate buffer, 3.0 ec.; Lilly’s Zn-free insulin, 1 unit 
per cc.; 2.0 hours; 38°. 














Basic ke- Per cent iin of basic ketone formation 
tone for- | EOS £2550m ’ i 
Cat No. |noadded| | 10 mafructose | Wymafructose + | 9.092 w fumarate 
nutrient, | —_ > ae " 
pee. | | N With | N With N | With 
per 3 Shire, inoulin Pom. lanaliie insulin insulin insulin 
micromoles | | 
96B 117 | | -12 | —3 | 
96C 55 —-2 | -27 | -49 | -62 | 
96D 67 +11 +6 +17 +5 | -15 | —36 | —26 
96E 106 +5 —22 —49 —-15 | —50 —17 —27 
Mean.........| +9 | -12 | -25 | -2 | -—42 | —2% | —2%6 








marked is the effect with fructose + fumarate + insulin (—42 
per cent), a finding in accordance with the hypothesis of Szent- 
Gyérgyi (1937) that the 4-carbon dicarboxylic acids may inhibit 
the formation of ketones in the diabetic liver. 

Effect of Time of Equilibration upon Action of Insulin on Ketone 
Formation of Diabetic Cat Liver Slices—The inhibiting action of 
insulin upon the ketone formation of diabetic cat liver slices can 
be considerably enhanced if a longer time than 2 hours is allowed 
for its action. We equilibrated three different samples of liver 
slices from the same diabetic cat. The phosphate buffer contained 
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(a) no additions, (b) 0.010 m fructose, or (c) 0.010 m fructose + 
1 unit per cc. of insulin. At intervals of 1 hour the slices were 
transferred to similar fresh media. The media from each respira- 
tory period were then analyzed for total ketones. The summa- 
tions of the ketone formation are plotted in Fig. 1. In all cases 
the oxygen uptake continued essentially at the initial rate for 4 
hours. This indicated the continued viability of the liver cells. 
The progressive fall in the rate of ketone formation is greatest in 
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the case of fructose + insulin, and at the end of the 4 hour period 
the ratios of ketone formation in the three cases were 1:0.87:0.55. 

Ketone Formation by Liver Slices from Diabetic Cat Previously 
Injected With Insulin—The reversal toward normal of the diabetic 
type of metabolism of the isolated liver slice may also be ac- 
complished by the prior injection of adequate doses of insulin, 
provided sufficient time elapses after the injection. For this 
purpose we used cats 48 hours after pancreatectomy. Initial 
samples of blood from the ear vein were taken for glucose and 
ketones. The cats were then injected subcutaneously with 
divided doses of Lilly’s amorphous insulin, and frequent blood 
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sugar determinations were made by the Shaffer-Hartmann- 
Somogyi method (Peters and Van Slyke, 1932) until the desired 
level was reached. We found by experience that doses of 30 to 
40 units of insulin and a lapse of 4 to 6 hours were necessary in 
order to accomplish this. The cats were then anesthetized with 
nembutal as in our previous experiments, and liver slices were 
prepared and equilibrated for 2.0 hours in phosphate buffer which 
contained no additional insulin. In some cases substrates were 
added. At the end of the period, the contents of the Warburg 






































Taste VIII 
Ketone Formation by Liver Slices from Diabetic Cats Following Injection 
of Insulin 
| | prerere 
| 2 3 —_ H | ‘ Basic ketone formation* | Por cons chenge 
Cat No. 3 . | so § lg ae OTL a 10 muli0 \10 
5 a : | + | P , Per kil mM mM mM 
a 5 a : | 3 i Geer por be. —.” = 4 = 
mg. | mg 
kg. | gm. | per | per |units| hrs.| micromoles micromoles 
cent | cent 
102A) 2.7) 82 | 264, 194 6 1.553414 | 1650 + 440 —19| —15, —32 
102B | 2.6) 79 | 243) 138) 40 | 5.8174 2 495+ 40 0} +13) +6 
102C | 2.1) 56 | 226) 60| 35 | 6.0:174+ 0.5 4404+ 7 —32 0 —39 
102D | 1.9) 46 | 338) 110) 30 | 4.5518 + 4.5) 485 + 110) —22) —35) —49 
SS eee 17+ 1 | 460+ 18) —18| —9| —2 

















* Values in this column are means of two separate samples of liver slices. 
+t Excluded from the mean of this series because the time of action and 
amount of insulin were insufficient. 





vessels and the tissue were analyzed for total ketones. The data 
are presented in Table VIII. 

We emphasize the following points. (1) When the doses of 
insulin or the time elapsed was small, the subsequent rate of 
formation of ketones (Cat 102A) was not less than the mean value 
(46 + 6 micromoles per gm. of liver per hour) found in the cases 
of untreated diabetic cats. However, the effect of added sub- 
strates, e.g. fructose, glucose, or d-lactate, in diminishing ketone 
formation is quite apparent, being as much as —32 per cent in the 
last instance. (2) With adequate dosage of insulin and sufficient 
time, the effect of the insulin is quite marked. The mean rate of 
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ketone formation of the three treated cases is 17 + 1 micromole 
per gm. of liver per hour or 37 + 4 per cent of that of untreated 
eases. (3) The additional effect of the added substrates is also 
evident; ketone formation was further reduced (with two excep- 
tions) by 20 to 50 per cent. (4) The restoration toward a normal 
rate of ketone formation may precede the storage of glycogen in 
the liver and the decrease of the usual high liver fat. In Cat 
102B the liver glycogen was 0.05 per cent and the liver fats 
18 per cent, essentially that of untreated cats. In Cat 102C, 
in which the blood sugar was allowed to fall to quite low levels 
(60 mg. per cent), the liver glycogen was raised to 3.2 per cent. 
Nevertheless the ketone formation in these two cases was found 
to be essentially the same. We take this to mean that insulin 











TaBie IX 
Ketone Formation by Liver Slices from Houssay Cat 

| tty po ose 
ketone 

Cat Hypophy- Pancres- | Experi- | Cat | Liver | Blood a — 
No, | sectomy | tectomy | ment | weight | weight | sugar qn | par bite 

| | | "i" 

1939 | 1989 | 1989 | ko. | gm. | 0. sper cont) "micro 

105A | June 8 | June 14| June 19| 3.4 | 50 | 60 | 0.04| 68 
105B | Sept.7 | Sept. 18 | Sept.20| 2.1 | 49 | 0.02 | 104 








may act independently to suppress ketone formation and to aid 
in the storage of glycogen. The view that the storage of glycogen 
is an obligatory first step in the suppression of ketone formation 
is not in accordance with these observations. 

Ketone Formation by Liver of Houssay Cat—The amelioration 
of the diabetic status in the hypophysectomized-depancreatized 
cat is too well known to require comment. This reversal was 
strikingly demonstrated by a study of the ketone formation by 
the liver slices of two Houssay cats (Table IX). From the data 
it is seen that the ketone formation of the liver is less than normal. 
This experiment emphasizes the possibility that insulin does not 
react directly in a regulatory fashion with the enzyme system con- 
cerned in the oxidation of fatty acids, but indirectly by acting as 
antagonist to the ketogenic hormone of the pituitary. 
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Total Respiration and Non-Ketone Respiration of Liver of Normal 
and Diabetic Cats—We have previously discussed the evidence 
indicating that the oxidation of a typical fatty acid (palmitic) 
in the liver follows the equation 


CisH202 (palmitic acid) + 50. = 4C,HsO; (8-hydroxybutyriec acid) 


We may therefore assume that, on the average, 1.25 moles of 
oxygen are required for the formation of 1 mole of ketone. If 
fatty acids are the sole precursors of ketones in the liver, it is 
possible to correct the total oxygen consumption of liver slices 
by subtracting the oxygen required for ketone formation, (i.¢., 
1.25 X ketones formed) to obtain the non-ketone oxygen consump- 
tion. Since ketone formation is presumably not accompanied 
by CO, formation, the total CO, divided by the non-ketone O, 
gives the non-ketone r.Q. These calculations for our series of 
normal cats, untreated diabetic cats, and insulin-treated cats 
show some contrasting aspects (Table X). 

The mean oxygen consumption of the untreated diabetic cat 
liver slices was significantly higher than the normal mean. In 
the treated cats the mean oxygen consumption was restored toward 
normal. 

The chief function of the diabetic liver is the partial oxidation 
of fatty acids to ketones: only 42/185 or 22 + 5 per cent of the 
total oxygen uptake is concerned with oxidations other than ketone 
formation. This is in sharp contrast with livers from normal 
fasted and treated diabetic cats, in which 86 + 8 per cent and 
77 + 3 per cent respectively of the total oxygen consumption 
are thus concerned. 

In the diabetic liver the non-ketone respiration is associated 
with a high respiratory quotient (1.36 + 0.34). The ‘one 
of this is a matter of conjecture. 

In the treated diabetic cases there are indications that the meta- 
bolic status of the liver slice is intermediate between the normal 
and the untreated. For example, the ketone formation is low, 
the non-ketone oxygen is essentially normal, but the CO, is not 
correspondingly elevated; i.e., the non-ketone R.Q. is low. We 
have no further experimental data to aid in interpreting the sig- 
nificance of these findings. Our surmise, however, is that in the 
livers from insulin-treated diabetic cats partial oxidations of fatty 
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acids still make up the major portion of the hepatic metabolism, 
but that the oxidations do not produce ketones. 

Possibility of Production of Carbohydrates from Fats by Diabetic 
Liver—The overproduction hypothesis of diabetes postulates 


TABLE X 
Non-Ketone Respiration of Liver Slices from Fasted Normal, Untreated 
Diabetic, and Insulin-Treated Diabetic Cats 
200 mg. slices; 3.0 cc. . of Phosphate buffer; 2.0 hours; 38°. 
Cat No. | 0; uptake, | Totalr.g | | a Non-ketone 
j 2 brs. brs. | bre : 


j 











t 





Normal fasted cats 


micromoles | | micromeles | micromelee | 
9A | 139+ 13 | 0.7040.02 | 118 97 0.82 
9B | 1444 0 | 0.6740.01 | 111 | 97 0.87 
9C | 151 | 0.49 | 137 74 0.72 





Mean | 142+ 3 0.64 + 0.03 | 12249 | 949 | 0.81 + 0.05 











3 | 

















| 1574 3 | 0.21 | 32 33 | 1.08 
6A | 192+ 18 0.33 0.04 | 21 64 | 3.04 
%B | 201 0.39 | 63 78 1.24 
9C | 163 0.40 | 25 65 2.60 
9D | 149 0.40 | 65 60 | 0.92 
9E | 177 0.22 | 4 |39 | 0.90 
Mean | 185+ 8 | 0.3240.04| 4249 | 5748 | 1.364 0.34 

Insulin-treated diabetic cats 

102B | 167 + 14 | 0.344 0.03 | 126 | 57 | 0.45 
102C | 150+ 6 | 0.5140.01/ 117 77 0.66 
02D | 152+ 2 | 0.46 + 0.04 | 117 70 | 0.60 








} iin pe i a Dies 
Mean | 156+ 3 | | 0.44 + 0.06 | 1024 6847 | 0.574 0.07 





that fats in large quantities are converted by the liver into car- 
bohydrates. We have previously discussed evidence (Stadie, 
Lukens, and Zapp, 1940) on the rate of formation of carbohydrate 
by diabetic livers, which fails to support this hypothesis. The 
data in Table X force us to the conclusion that it is untenable for 
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the following reasons. The long fatty acids (16 carbon atoms or 
more) occurring in the liver are initially essentially unoxidized, 
Therefore, for the conversion of the carbon atoms of the fatty 
acid into a hexose (CsH20¢), all (i.e. 3) moles of oxygen per mole 
of hexose must be supplied ultimately by respiratory oxygen. 
Accordingly, there could be formed a maximum of carbohydrate 
per micromole of Oz, of 0.180/3 = 0.06 mg. per micromole of 
Os. The total oxygen available for carbohydrate formation from 


Taste XI 
Proportion of Acetoacetate to Total Ketones Formed by Liver 





Acetoacetate, per cent 





























Condition of cat Cat No. of total ketones 
— - oe | — — 

Normal, fasted | 99A 69 
99B 61 
99C 57 

I oS 5 cn aks 62+ 4 
Diabetic 79 32 
96A 40 
| 96C 51 
96D 65 
96E 45 

gc Sse AR a ana 445 
Insulin-treated diabetic 102A 42 
102B 56 
102C 40 
102D 46 

nseeearee ts oe. alls ys Ce ee 46 + 6 








fat is the non-ketone oxygen. In our series of diabetic cat livers, 
the mean non-ketone oxygen was 21 micromoles per gm. per hour, 
or, since the average weight of the livers of the cats was 26 gm. 
per kilo, the approximate maximum possible carbohydrate forma- 
tion from fatty acids was 0.06 X 21 XK 26 = 33 mg. per kilo of 
cat per hour. This is only a small fraction (16 per cent) of 
the total glucose (200 + 30 mg. per kilo per hour) excreted by 
our diabetic cats in the preexperimental 1.0 hour period. But 
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our experiments show further that this small amount of non- 
ketone oxygen was entirely used up in the production of CO, 
(non-ketone R.Q. = 1.34 + 0.34). In other words, there was no 
oxygen available in the metabolism of the diabetic liver slice for 
the oxidation of fatty acids to carbohydrate. 

Proportion of Acetoacetate and B-Hydroxybutyrate to Total 
Ketone Formation by Liver—There are reasons for believing that 
the enzyme system concerned with the oxidation of fatty acids in 
the liver is adjusted so as to produce the two forms of ketones in 
fairly constant ratio to each other. This is brought out in Table 
XI. The total ketone formation in the diabetic cat is roughly 
divided between the two ketones in the ratio of 1:1. The higher 
value of acetoacetate in the normal cats is probably not signifi- 
cantly different from that of the diabetics. 


We wish to express our thanks to Mildred 8. Wright for her 
helpful criticisms and assistance in the experiments. 


SUMMARY 


1. With liver slices from fasted normal and diabetic cats, the 
rate of formation of ketones in vitro was determined. The urinary 
ketone excretion in a preliminary 1.0 hour period was also de- 
termined. 

2. Ketone utilization by the muscles was calculated from meas- 
urements of (a) excess hepatic ketone formation over urinary 
ketone excretion, (b) oxidation of added acetoacetate by muscle 
mince equilibrated in vitro, (c) simultaneous equilibration of 
muscle mince with diabetic liver slices as source of ketones, (d) 
measurement of portal-hepatic blood ketone difference. An 
average value of 1300 micromoles per kilo of cat per hour was 
found for the utilization of ketones by muscle. 

Utilization in the diabetic was found to be essentially the same 
as that in the normal cat. This demonstrates that the oxidation 
of ketones by muscle is independent of the presence of insulin. 

3. No utilization of dl-8-hydroxybutyrate added to muscle mince 
could be demonstrated, either in normal or diabetic cats. This 
is a possible indication that acetoacetate is the sole form of ketone 
oxidized by muscle. There was found in four of six cases an 
increase both of 6-hydroxybutyrate and total ketones, evidence 

















442 Insulin Effect on Ketone Metabolism 


that muscle as well as liver may be a source of ketones in the 
diabetic. 

4. The molecular ratio of oxygen consumed to ketone produced 
from fatty acids by the liver was found to be close to the value of 
1.25 required by the multiple alternate oxidation hypothesis. 
This is evidence that the higher fatty acids yield not 1 but 4 
molecules of ketones per molecule of fatty acid oxidized. 

5. On the basis of the observed O, to ketone ratio, it is possible 
to calculate the non-ketone respiration of the liver and contrast 
its characteristics in the fasted normal, the diabetic, and the 
insulin-treated diabetic cat. 

6. The non-ketone oxygen available for the possible oxidation 
of fatty acids to carbohydrates was found to be essentially zero. 
We conclude, therefore, that the hypothesis of the overproduction 
of carbohydrates from fats in diabetes is untenable. 

7. Insulin in the presence of fructose, fumarate, and d-lactate 
inhibited the formation of ketones by the diabetic liver. This 
effect was enhanced by prolonged equilibration of slices with 
insulin-containing media. 

8. Prior insulin treatment of diabetic cats restored the metab- 
olism of the liver slice to a status intermediate between the nor- 
mal and the diabetic. There was found a marked reduction of 
ketone formation and a type of non-ketone respiration suggesting 
partial oxidation of fatty acids beyond the ketone stage. 

9. In Houssay cats we found that the ketone formation by the 
liver was essentially that of the fasted normal cat. This suggests 
that insulin controls ketone formation indirectly by acting an- 
tagonistically to the ketogenic pituitary hormone. 
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THE PREPARATION OF A CONCENTRATED FECAL PHOS- 
PHATASE AND ITS EFFECT ON DOGS AND RATS 


By YEN PING CHEN,* SMITH FREEMAN, anp A. C. IVY 


(From the Department of Physiology and Pharmacology, Northwestern 
University Medical School, Chicago) 


(Received for publication, November 2, 1939) 


In a previous communication (1) it was found that the trans- 
fusion of phosphatase-rich, jaundiced blood into normal compatible 
recipients caused a marked and prolonged rise in the serum phos- 
phatase level. This work suggested that some direct knowledge 
regarding the physiological significance of the enzyme might be 
obtained by maintaining an elevation of the serum phosphatase 
for short and prolonged periods of time. Little is known about 
the relation of this enzyme to metabolic processes, or its origin 
and rate of removal from the blood stream in normal and abnormal 
conditions. Since the transfusing of jaundiced blood is incon- 
venient and impracticable, it was decided to make a concentrated 
phosphatase preparation which could be administered parenterally 
and which would maintain the serum phosphatase activity at a 
high level. 


EXPERIMENTAL 


Preparation of Concentrated Fecal Phosphatase—A concentrated 
preparation of phosphatase was first prepared from kidney and 
intestinal mucosa according to the method of Albers and Albers 
(2). When these preparations were injected intravenously, it was 
found that the serum phosphatase returned to normal in the first 
half hour following its injection. A phosphatase preparation was 
then made from dog feces which Armstrong (3) has shown to be a 
potent source of this enzyme. The methods of Armstrong (3) 


* China Foundation Fellow in Physiology, Cheeloo University, Chengtu, 
China. 
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and of Albers and Albers (2) were both used. It was found that 
the phosphatase from this source would persist in the serum for 
48 hours or more after intravenous injection. However, such 
preparations were too toxic for our purposes. After various 
procedures were tried, the following method was adopted because 
it provided a less toxic and enzymatically more potent product 
than have various other procedures in our hands. Fresh (within 
24 hours) dog feces were collected and mixed in a bucket with 
sufficient ice-cold tap water to form a sludge that could be poured 
easily. This extract must be kept cold, so it was customary to 
carry out the subsequent procedures in a refrigerator near 0°. 
The thoroughly mixed sludge is filtered through a large Berkefeld 
filter with the aid of suction and the filtrate should be a perfectly 
clear amber-colored liquid. 100 gm. of washed kaolin are added 
to each 500 cc. of fecal extract in a 2 liter flask. Sufficient glacial 
acetic acid is added to the kaolin-extract mixture to give a definite 
acid reaction with litmus paper. The flask containing the mixture 
is shaken vigorously for 5 minutes and allowed to stand until all 
of the kaolin has settled to the bottom. The supernatant fluid 
is siphoned off and the kaolin from two flasks is combined in one 
with the aid of small portions of ice-cold distilled water that has 
been acidified. The total volume is made to approximately 1500 
ec. by the addition of more acidified ice water, and after a thorough 
mixing the kaolin is allowed to settle. The supernatant fluid is 
siphoned off and the washing repeated until the wash water 
remains clear and colorless. The subsequent procedure may be 
carried out at room temperature. The kaolin is then transferred 
to 50 ec. centrifuge tubes and the final water is removed by centrif- 
ugation. The packed kaolin is transferred to a 250 cc. beaker 
with the aid of 100 to 150 cc. of distilled water and the mixture 
is made slightly alkaline to litmus paper by the addition of am- 
monia water. After a thorough mixing the suspension is allowed 
to stand for 10 minutes, and is then filtered with the aid of suction; 
the first part of the filtrate usually needs to be returned for a 
second passage through the filter (Whatman No. 50). In this 
way a clear, light brown filtrate is obtained; it is neutralized to 
litmus with dilute acetic acid. Commercial dioxane is added to 
the filtrate to a concentration of 60 per cent by volume. The 
mixture is allowed to precipitate overnight and the supernatant 
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fluid is removed without disturbing the precipitate. The precipi- 
tate is transferred to a 50 cc. centrifuge tube and the remaining 
fluid decanted after centrifugation. The precipitate is washed 
with 100 per cent dioxane and recentrifuged; the air-dried, pulver- 
ized product thus obtained is a gray to brown powder. The 
potency of the enzyme obtained by this procedure varies from 
10,000 to 19,000 Bodansky units for each gm. of powder. This 
powder has one optimum zone of pH for enzyme activity which 
is 9.0 to 9.8; its activity is increased by adding magnesium chloride 
to the buffer-substrate mixture. The powder is quite stable and 
shows no significant change in potency after being stored for several 
months. 

Analytical Procedures—The following methods were used in 
analyzing serum and urine. All inorganic phosphorus and phos- 
phatase determinations were made according to Bodansky’s 
methods (4). Clark and Collip’s method (5) was used for the 
serum calcium determination, while for the urine calcium de- 
termination, Wang’s method (6) was adopted. The serum sugar 
was determined by the Shaffer-Hartmann-Somogyi method (7) 
and Somogyi’s copper method (8) was used to prepare the pro- 
tein-free filtrate from the serum for this determination. 

Effect of Fecal Phosphatase Administered to Dogs—Dogs were 
used for a study of the immediate metabolic effect of this phospha- 
tase preparation administered parenterally. The enzyme was 
dissolved (3 mg. per cc.) in 0.9 per cent saline that had been made 
slightly alkaline with a few drops of 5 per cent ammonia water, 
and injected intravenously at a dosage of 1.5 mg. per kilo of body 
weight. All dogs received the same powder, which was a mixture 
of several different preparations and which had a phosphatase 
activity of 17 units per mg. 

The effects of an inactivated preparation were also studied. 
Inactivation was effected by adding sufficient acetic acid to the 
enzyme preparation to change its pH to 4.0 and by allowing the 
solution to stand at room temperature for 24 hours before the 
reaction was made slightly alkaline by the addition of ammonia. 
The dosage for the inactive was the same as for the active 
preparation. 

Eighteen female dogs were studied under pentobarbital anes- 
thesia. Ten of these dogs received the active and eight the 
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inactive preparation. Blood samples were drawn before and at 
several intervals after the injection of the preparation. Serum 
phosphatase, inorganic phosphorus, calcium, and sugar were 
determined on each sample. Urine was also collected at similar 
intervals by means of an indwelling, double current, bladder 
cannula and its inorganic phosphorus and calcium content 
determined. 


TABLE I 


Average Serum and Urine Values in Dogs before and afler Injection with 
Active and Inactivated Enzyme Preparations 









































ee eee games 
Before! 5 min. | br. | 2 hrs. | 4 hrs. |Before) the, | ohrs. | 4 hrs, 
tion | ater | after | after | after | ‘W20°| after | after | after 
Phosphatase, 
units* per 100 
ec. serum..... 2.73) 33.11) 17.15) 15.10)13.00) 3.17) 3.38) 3.25) 3.32 
Sugar, mg. per 
100 ce. serum.|116.00)124 .00/116 .00)106 00/89 .00/97 .00) 106 .00) 112 .00)101 .00 
Calcium, mg 
per 100 ce. 
serum........ 11.10 11.40} 10.80 a 11.40} 11.20) 11.00 
Inorganic P. 
mg. per 100 cc. 
serum........ 5.12 5.32; 5.05) 5.18) 5.83) 4.72) 4.69) 5.39 
Urine inorganic | 
P, mg. per hr..| 15.38 14.54) 9.07) 5.54/15.05) 15.53) 7.82) 8.83 
Urine calcium, 
mg. perhr.....| 0.51 0.79) 0.96 0.37) 0.74, 0.86) 0.69) 1.23 


* Bodansky units. 

Table I gives the average results of serum and urine values in 
dogs injected intravenously with the enzyme preparation. After 
injection of the active enzyme preparation, the increased serum 
phosphatase disappeared from the circulation very rapidly during 
the Ist hour. Subsequently the fall was much more gradual and 
determination of the serum phosphatase 48 hours after injection 
still usually showed (Fig. 1) a higher level than that before injec- 
tion of the active phosphatase preparation. Eight out of ten dogs 
showed a decrease in serum sugar of 20 mg. or more, the fall 
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occurring from 1 to 4 hours after the injection. Only two of the 
eight controls showed a similar decrease. A slight but insignificant 
decrease of serum calcium was indicated by the average figure. 
While the serum inorganic phosphorus was variable and the 
average figure did not show much change, the urine inorganic 
phosphorus showed a marked decrease after every injection. The 


Phosphatase per 100 cc. serum 


35 
RATE OF DISAPPEARANCE OF FECAL PHOSPHATASE 
FROM THE CIRCULATION OF DOGS 














0 AVERAGE INITIAL VALUE 
Time in hrs. 6 12 18 24 30 36 42 48 54 





Fig. 1 


change of urine calcium was irregular. In the dogs injected with 
inactivated enzyme preparation, no change of serum phosphatase 
occurred following the injection. A slight increase in serum sugar 
was found in most of the dogs. The change of serum calcium was 
about the same as that of the dogs receiving the active enzyme 
preparation. A fall of serum inorganic phosphorus occurred in 
the first 2 hours after the injection, but the fall of urine inorganic 
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phosphorus did not appear to be as marked as in the other group. 
The change of urine calcium was again variable. 

Effect of Fecal Phosphatase Administered Intraperitoneally for 1 
Month on Phosphatase Content of Serum, Kidney, and Tibia of 
Rats—The effect of this enzyme preparation on the tissue phospha- 
tase content was studied on albino rats. Experiments began 
when the rats were 4 weeks old. The rats were divided into three 
groups. Group A received inactive and Group B active prepara- 
tions, while Group C served as a control and was not injected. A 
daily dose of 1 mg. (19 units) of active or inactive preparation in 
1 cc. of saline was given intraperitoneally throughout the experi- 
mental period, except for three rats in each group (Rats 1 to 3) 
whose daily dose was increased to 3 mg. after 2 weeks, and then, 
after 3 days, to 4 mg. for the remainder of the experiment. The 
injection period was a month, at the end of which time the rats 
were bled to death under ether anesthesia, and the left kidney and 
tibia were removed and freed from the surrounding tissues. These 
tissues were weighed and extracted for 24 hours with distilled 
water, to which 2 or 3 cc. of toluene were added, and their phospha- 
tase content determined. 

The results showing the effects of the enzyme preparation on the 
phosphatase content of serum, kidney, and tibia in the rats are 
given in Table II. They show that the phosphatase content of 
these tissues differs considerably from one rat to another, even in 
the control group, but the average values show that the serum 
phosphatase of those rats injected with the active preparation 
was higher than that of the other groups, while the serum phospha- 
tase values of the control rats and of the rats injected with in- 
activated preparation were similar. The average values for bone 
and kidney phosphatase were similar in the two injected groups. 
Compared with the uninjected control rats, the kidney phosphatase 
of the injected groups was higher, while the reverse was the case 
for bone phosphatase. 

Toxic Effects of Phosphatase Preparation—This phosphatase 
preparation at the dose used (1.5 mg. per kilo) was frequently 
found to produce toxic effects of varying degrees in unanesthetized 
dogs when injected intravenously, as manifested by defecation, 
vomiting, a fall in blood pressure, and weakness. A dose twice 
as large may be fatal to some dogs when given intravenously, 
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| units per mg. per) unite per 


| 100 ee. 100 ee. | 


106.55 | 7.95 | 


86.65 | 8.55 | 


63.53 | 8.75 
56 . 86 
67.24 
76.17 


| 107.15 
79.45 


98.49 | 8.35 
137.03 | 9.00 
71.12 | 7.50 
97.34 | 7.30 
87.07 | 9.25 
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TasLe II—Concluded 




















S Phos- Inor- Patase ont 
2/\8 : phatase \ganie P|” . 
gm units per |\mg. per units per units per 
r 100 ce. 100 ce. | gm. gm. 
Group A—Concluded 10 | M. |193 
12 | M. |134 | 105.39 | 8.25 | 19.85 | 12.35 
13 | “ |138 
14/ “ 1156 | 109.88 | 9.45 | 14.41 | 11.60 
ES ee re 141 | 76.94 | 8.19 | 27.52 | 11.57 

















but no or little reaction was observed after subcutaneous or in- 
traperitoneal injection, even with large doses. Repeated intra- 
venous injections seemed to result in a tolerance; repeated 
intraperitoneal injections with comparatively large doses did 
not cause symptoms in rats. The kidneys and livers of dogs and 
rats injected with active and inactive phosphatase preparation 
for varying lengths of time failed to demonstrate any gross or 
microscopic defects that could be related to the enzyme’s activity. 
The final weight of the rats showed little difference between the 
two injected groups, but both of these groups have a lower average 
than that of the uninjected group. 


DISCUSSION 


In recent years, much speculation has been devoted to the 
relation of phosphatase to ossification, to the excretion of phos- 
phates, to reabsorption of sugar from the renal tubules, to the 
absorption of carbohydrates and fats from the intestine, and to 
the formation of es':rs of phosphoric acid in the lactating 
mammary gland. The subject has been reviewed by Folley and 
Kay (9). Several experiments have tended to relate this enzyme 
to phosphorus, calcium, and carbohydrate metabolism. Bodan- 
sky (10) demonstrated an increase in serum phosphatase in dogs 
on ingestion of glucose or dextrin and a decrease in inorganic 
phosphorus when the blood sugar increased. The increase in 
serum phosphatase caused by a high carbohydrate-low protein 
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diet, or by pancreatectomy, suggests a relation between this 
enzyme and carbohydrate metabolism (11, 12). By administra- 
tion of estrogenic hormone to lactating cows, Folley found a 
marked temporary rise in serum phosphatase which followed 
closely upon a drop in serum calcium and a change of serum in- 
organic phosphorus (13). Phlorhizin was reported to cause an 
increase in serum phosphatase and inorganic phosphorus (14). 
An increase in serum sugar with a decrease in serum inorganic 
phosphorus was found in dogs whose serum phosphatase was 
increased by transfusion with blood from animals with obstructive 
jaundice (1). 

Armstrong (3) showed that dogs excrete large amounts of 
phosphatase daily in their feces, and described a method for 
preparation of a very active powder from this source. The 
potency which he reports is much higher than that which we 
obtained either by his method or the one described in this paper. 
However, the substrate used for assay was different and values 
obtained by the two methods cannot be compared. The origin 
of fecal phosphatase is unknown, but a few observations seem 
to indicate that as rats grow older they excrete less phosphatase 
in feces, and that relatively large injections of phosphatase fail 
to alter the fecal excretion of this enzyme by rats. 

The change in the concentration of serum and urinary constit- 
uents observed after the injection of this enzyme preparation may 
be due to the enzyme itself or to some contaminant. The differ- 
ences observed between the groups receiving the active and 
inactive preparations suggest that the enzyme itself may be of 
importance in such changes. Compensatory mechanisms on the 
part of the organism perhaps obscure the effect caused by the 
enzyme as a result of its synthetic or hydrolytic properties. The 
toxic manifestations are certainly not due to the activity of the 
enzyme, as the inactivated preparation has a similar effect. 
Further purification of the enzyme may simplify such studies by 
eliminating interfering substances. The curve showing the rate 
of disappearance of fecal phosphatase from the circulation is quite 
similar to that obtained when the serum of a jaundiced animal is 
transfused into a normal recipient (11), as in both instances the 
high levels, which may be predicted by calculation of the blood 
volume, are rapidly decreased until the concentration in the serum 
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approaches 10 units per 100 cc. of serum, after which the removal 
of the excess becomes gradual and may take days. 


SUMMARY 


A simple method is described for the preparation of phosphatase 
from dog feces. Such preparations were found to increase the 
serum phosphatase in dogs for at least 48 hours when injected 
intravenously. A study was made of serum calcium, inorganic 
phosphorus, and sugar in anesthetized animals injected with 
active and inactive preparations of this enzyme and of the urinary 
concentration of calcium and phosphorus in the same animals, 
No changes occurred in the serum or urine which could unques- 
tionably be ascribed to the activity of this enzyme; however, a 
serum sugar decrease of 20 mg. or more occurred in eight out of ten 
anesthetized dogs receiving the active preparation, while only two 
out of eight dogs receiving the inactive preparation showed a 
similar decrease. An elevation of the serum phosphatase was 
maintained for 1 month in growing rats by the daily intraperitoneal 
injection of the enzyme preparation. No significant difference in 
the growth or well being could be noticed between groups receiving 
the active or inactivated preparations, although the group receiving 
the former preparation had a higher average serum phosphatase. 
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SULFONIUM REACTIONS OF METHIONINE AND THEIR 
POSSIBLE METABOLIC SIGNIFICANCE 


Sirs: 

Examples of sulfonium compounds of the composition 
-00C—CH(NH;*)CHsCH,S(CH;)R*X- may be obtained by 
letting methionine react with an excess of methyl bromide or 
methyl! iodide in a 1:1 mixture of 85 per cent formic acid and acetic 
acid until titration of halide ion shows the reaction to have reached 
completion. Evaporation under reduced pressure and digestion 
of the residue with methanol yield the crystalline methyl sulfon- 
ium salts. They are water-soluble, neutral substances which 
give the theoretical values for halide ion. The analogous reactions 
with iodo- or bromoacetic acid occur readily in aqueous solution. 

The capacity of methionine to form tertiary sulfonium ions— 
a reaction characteristic of organic monosulfides—may deserve 
attention from the metabolic standpoint. For the mechanism of 
the biological conversion of methionine to cystine’ various possi- 
bilities have been discussed. These assume, generally with con- 
version of methionine to homocysteine, either transfer of the 
methionine sulfur to another carbon skeleton, by reactions in- 
volving addition to an unsaturated chain,? or a shortening of the 
methionine skeleton, for which the shift of a thiol group from the 
7 to 8 position, followed by w oxidation and decarboxylation,' 
or an oxidative degradation at the aminocarboxylic end of the 
molecule’ has been suggested. 

Another working hypothesis can be based on the capacity of 
methionine to form sulfonium derivatives and the participation 
of hydroxyamino acids: HOOC—CH(NH:)CH:CH,SCH; + HO- 

, CH; 
OC—CH(NH,)CH,OH — HOOC-CH(NH:)CH:CH,;,—S—CH:- 
~ OH 

‘Tarver, H., and Schmidt, C. L. A., J. Biol. Chem., 180, 67 (1939). 

* Brand, E., Block, R. J., Kassell, B., and Cahill, G. F., Proc. Soc. 
Ezp. Biol. and Med., 36, 501 (1936). Nicolet, B. H., J. Washington Acad. 
Sc., 28, 84 (1938). 

*du Vigneaud, V., Dyer, H. M., and Kies, M. W., J. Biol. Chem., 130, 
325 (1939). 
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CH(NH:)COOH — (by removal of CH;OH and cleavage) 
HS—CH,CH(NH:)COOH. Similar reactions may be postulated 
for hydroxyglutamic acid or threonine, and combinations of de- 
carboxylation and w oxidation could lead to the same final product. 
According to this hypothesis the —SCH; group itself is an essen- 
tial factor in the genesis of cystine from methionine. Recent 
evidence of Rose‘ and du Vigneaud’: § shows clearly the importance 
of the methyl group in the metabolic utilization of homocysteine. 
If the latter is an intermediate in the biological conversion of 
methionine to cystine, that evidence may indicate that methyl 
groups, in the form of choline, etc., must be supplied only for the 
construction of the methionine required in protein synthesis, 
while the cystine requirements could still be covered by a direct 
degradation of homocysteine. If, however, it were to be shown 
that in a diet which contains merely enough methionine to satisfy 
the minimum methionine requirements,‘ choline, or other sources 
of available methyl, has to be supplied in order to make homo- 
cystine (or homocysteine) an effective substitute for cystine, a 
case would be established for the hypothesis here offered. 

The biological occurrence of tertiary sulfonium compounds is 
suggested by the statement of Neuberg and Grosser’ that normal 
dog urine contains methyldiethyl sulfonium ion. The biological 
importance of the analogous quarternary ammonium compounds 
is multiple (e.g. choline, thiamine) and the thiamine literature 
contains evidence® that living organisms possess enzymatic means 
to effect the reaction R3N + R’OH — R;R’N*+ + OH-. There- 
fore, the counterpart of this reaction in sulfur chemistry, postu- 
lated above, may also be within the scope of cell chemistry. 
Lankenau Hospital Research Institute Gerrit TOENNIES 

Philadelphia 
Received for publication, November 8, 1939 
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CONVERSION OF ETIOALLOCHOLAN-3 ,17-DIONE 
INTO ANDROSTERONE* 


Sirs: 

It has been previously demonstrated in men with evidence of 
deficient testicular secretion that the testis hormone, testosterone, 
may be converted into the urinary androgen, androsterone.* ? 
The mechanism of this conversion is obscure. It has been pointed 
out, however, that since androsterone has a particular spatial 
configuration at positions 3 and 5, that is 3(a)-hydroxy and 5-alla, 
there could be six direct intermediates between testosterone and 
androsterone.?” 

One of these possible intermediates, etioallocholan-3,17-dione,* 
has been fed in the amount of 100 mg. per day for 10 days to a 
man with evidence of deficient testicular secretion. All the urine 
was collected during this period. The titer of urinary androgens 
during treatment rose from a pretreatment level of 9.3 1.v. per 
day to 94 1.v. for a similar period. From the neutral fraction of 
the urinary extract, there were isolated 30 mg. of androsterone, 
m.p. 181—183° (uncorrected). The acetate melted at 163-165° 
(uncorrected). The melting points of neither the free compound 
nor the acetate were depressed when mixed with authentic samples. 
Thus it appears from these experiments that etioallocholan-3,17- 
dione may be an intermediate in the conversion of the testis hor- 
mone, testosterone, into the urinary androgen, androsterone. 


* This work was aided by grants from the Rockefeller Foundation, the 
Fluid Research Fund of Yale University School of Medicine, and the 
International Cancer Research Foundation. The latter grant was made to 
Dr. James B. Hamilton of the Department of Anatomy. 

1 Callow, N. H., Biochem. J., 38, 559 (1939). 

* Dorfman, R. I., Cook, J. W., and Hamilton, J. B., J. Biol. Chem., 
130, 285 (1939). 

* The etioallocholan-3,17-dione, m.p. 134° (uncorrected), was furnished 
by Ciba Pharmaceutical Products, Inc. 
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This and further work on the metabolism of testosterone will be 
described in detail in the near future. 


Adolescence Study Unit and Laboratory Raps I. DorrmMan 
of Physiological Chemistry 
Yale University School of Medicine 
New Haven 
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17-8-HYDROXYPROGESTERONE 
Sirs: 


In the course of work in this laboratory on the preparation of 
the various adrenal hormones in pure form from the glands of 
cattle we have encountered a new isomer of desoxycorticosterone. 
The compound crystallizes from ethanol or acetone in beautiful 
thin plates which melt' at 212-215°. The following analytical 
data were obtained: calculated for CoH 003, C 76.3, H 9.2, mol. 
wt. 330; found, C 76.0, 76.0, 76.0, 75.8, H 9.3, 9.1, 9.4, 9.2, mol. 
wt. 363 (Rast). Its specific rotation in chloroform is [a]?” = +102° 
+ 3°. On spectrographic examination it showed selective ab- 
sorption in the ultraviolet with a maximum at 240 my character- 
istic of a, 8-unsaturated ketones. The compound was recovered 
unchanged on treatment with acetic anhydride in pyridine at 
room temperature. It yields a disemicarbazone which darkens 
at 240°, sinters at 280-290°, and gradually blackens but does not 
melt below 360° (calculated for CosH303Ne6, C 62.1, H 8.1, N 18.9; 
found C 61.4, 61.3, H 8.1, 8.1, N 18.8). It yields a dioxime which 
sinters at about 240° and melts with decomposition at 250-251° 
(calculated for CyHO3;Ne, N 7.8; found, N 7.9). On oxidation 
with chromic acid in glacial acetic acid at room temperature a 
neutral crystalline oxidation product was obtained which melted 
at 168-169° and showed no depression in melting point when mixed 
with an authentic sample of A*-androstenedione-3,17, m.p. 167- 
168° (calculated for CigH2O2, C 79.7, H 9.2; found C 79.2, H 9.6). 
From these findings it follows that the compound is a 17-hydroxy- 
progesterone. Ruzicka and Meldahl? report a melting point 
of 288° and [a]!* = +54° (dioxane) for the 17-a* compound. 





‘ All melting points were taken in a Berl block and are uncorrected. 

* Ruzicka, L., and Meldahl, H. F., Helv. chim. acta, 21, 1760 (1938). 

* For a discussion of the steric configuration of the adrenal steroids 
around carbon atom 17, see Reichstein and coworkers (Reichstein, T., 
and G: ‘zi, K., Helv. chim. acta, 21, 1188 (1938) ; Reichstein, T., and Meystre, 
Helv. chim. acta, 22, 728 (1939)). 
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This new compound therefore must be 17-8-hydroxyprogesterone. 
It elicits no progestational activity when tested at a 5 mg. dose 
level with a modified Clauberg technique. It has slight if any 
adrenal cortical activity but has androgenic activity of the same 
order as androsterone when tested in the castrate rat. 


Research Laboratories J. J. Prirrner 
Parke, Davis and Company H. B. Norra 
Detroit 


Received for publication, November 27, 1939 





y 
1€ 














A NEW ADRENAL BASE 
Sirs: 


We wish to report the isolation of a new phenolic base from the 
adrenal glands of cattle. It crystallizes from ethyl alcohol in 
colorless prismatic needles which melt! with decomposition at 
219-221°. Analysis, calculated for CiHiw»O.Ne, C 66.64, H 5.60, 
N 12.96; found, C 66.50, 66.62, H 5.47, 5.50, N 12.95. The com- 
pound gives a wine-red color with aqueous ferric chloride on warm- 
ing and couples readily with diazotized p-nitraniline. With 
Millon’s reagent it first gives a dirty green solution which on 
warming turns to a brown-red. A typical blue color is obtained 
with Gibbs’ phenol reagent. It yields no pigment with potato 
tyrosinase. In alcoholic solution its ultraviolet absorption spec- 
trum? exhibits three maxima at 231 my (e = 15,000), 271 mu 
(e = 12,700), 300 my (¢e = 11,000), with minima at 248 mz 
(e = 6800), 290 mu (« = 9800), and 360 my (e = 0). It is not 
sufficiently soluble in camphor for a molecular weight determina- 
tion by the micro-Rast procedure but a minimum molecular 
weight of 216 was fixed by analysis of an acetyl and a methyl 
derivative. Acetylation with acetic anhydride in pyridine on a 
steam bath yields an o-monoacetyl derivative, m.p. 176-177° 
(with decomposition). Analysis, calculated for CyHyOsNe, 
C 65.08, H 5.47, N 10.85, mol. wt. 258; found, C 64.95, H 4.97, 
N 10.96, mol. wt. (micro-Rast) 280, 293. There was evidence 
of slight decomposition of the acetate in camphor. That the 
acetate is an O and not an N derivative is indicated by the ab- 
sence of a ferric chloride reaction and by the slow development of 
a blue color with 2, 6-dichloroquinone-chlorimide on standing in 
aqueous sodium bicarbonate. The phenolic base yields a mono- 
methyl ether (m.p. 132-133° with decomposition) with diazo- 
methane. Analysis, calculated for CisHyO2N2, C 67.79, H 6.13, 

! All melting points were determined in a Berl block and are uncorrected. 


* We wish to thank Professor D. T. Ewing of Michigan State College, 
East Lansing, for the spectrophotometric examination. 
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N 12.17; found, C 67.32, H 6.09, N 12.60. The base dissolves 
slowly in 0.1 N HCI to yield a pale yellow solution. The dihydro- 
chloride is obtained by evaporating the solution to dryness and 
crystallizing from ethyl alcohol-ethyl acetate from which it sepa- 
rates as rosettes of needles (m.p. 215-216°, with decomposition; 
sinters at about 195°). Analysis (air-dried sample), calculated 
for CH »O2N2-2HCl, N 9.69; found, N 9.84. The salt apparently 
loses HCl on drying in a vacuum at 110°. After 2 hours the ni- 
trogen content was 12.86 per cent; calculated for CwH2O.Ne, 
N 12.96 per cent. 

The new base was tested for its possible pressor and oxytocic 
activity by Mr. L. W. Rowe of this laboratory and found to be 
inactive. The compound is of interest, since, to our knowledge, 
it is the only phenolic amine other than adrenalin thus far isolated 
in pure form from the adrenal gland. We suggest the name 
adrenodiamine. Its further study may aid in our understanding 
of the biological synthesis and degradation of adrenalin. 


Research Laboratories J. J. P¥irrner 
Parke, Davis and Company H. B. Norts 
Detroit 
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THE RELATION BETWEEN FACTOR U AND VITAMIN B, 


Sirs: 


Several groups of investigators' have recently demonstrated the 
vitamin Bs requirement of chicks. These findings have raised 
the question whether factor U and vitamin Bs, are identical. 
Factor U? is a water-soluble growth factor required by chicks 
receiving a diet consisting essentially of polished rice and washed 
fish meal and supplemented with riboflavin and the chick anti- 
dermatosis factor. It was previously suggested’ on the basis of 
differences in distribution that the two factors were different, 
yellow corn being a relatively rich source of vitamin Bs. and a poor 
source of factor U. The experiments reported here with crystal- 
line vitamin B,* have shown that the basal diet employed for study- 
ing factor U is deficient in two factors, one of which is vitamin Bs. 

The basal diet employed is composed of polished rice 67.5, 
water-washed fish meal 24, soy bean oil 3, sardine oil 0.5, salts 2.5, 
and acetone extract of whey 2.5 per cent (chick antidermatosis 
factor concentrate), thiamine 200 y per cent, riboflavin 350 y per 
cent, and hexane extract of alfalfa equivalent to 1 per cent of dried 
alfalfa. Chicks were depleted on this diet for 1 week and then 
placed on the experimental diets. Two separate experiments were 
made: (1) the growth-promoting effect of vitamin Bs and yeast 
was compared ; (2) a yeast filtrate and a yeast eluate were included 


1 Carter, C. W., and O’Brien, J. R., Proc. 7th World’s Poultry Cong. and 
Exposition, 126 (1939). Hegsted, D. M., Oleson, J. J., Elvehjem, C. A., 
and Hart, E. B., J. Biol. Chem., 130, 423 (1939). Jukes, T. H., Proc. Soc. 
Ezp. Biol. and Med., 42, 180 (1939). 

* Stokstad, E. L. R., and Manning, P. D. V., J. Biol. Chem., 126, 687 
(1938). 

* Supplied through the courtesy of Merck and Company, Inc., Rahway, 
New Jersey. 
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in addition to the yeast and vitamin Bs. The eluate was prepared 
from a yeast extract by adsorbing with fullers’ earth at pH 2.0 
and eluting with 50 per cent methanol containing dilute ammonium 
hydroxide. The supplements used and the results obtained in 
both experiments are shown in the table. 

The results show that vitamin B, does not give the same growth 
response as yeast. Increasing the level of vitamin Bs above 250 y 
per cent produces no increase in growth. The greater part of the 





, rhs 2 
Weight, gm. | No. 








Experiment No. | Supplement per 100 gm. diet | 
| |Tdays | 2tdays | 28days | in 
I. 6 chicks | None 60.1 | 82.0 | | 3 
per group 7.5 gm. yeast 61.6 | 176.0 | 6 
500 y vitamin By 60.1 | 128.3 6 
1000 y “ si 59.8 | 126.5 | 6 
| 20007 oe 61.1 118.0 | 6 
II.* 7 chicks | None 42.5 | 58.8 | All dead | 0 
per group | 7.5 gm. yeast 42.7 | 134.0) 200 | 7 
| 250 y vitamin B, (42.5 98.9. 130, 6 
50,7 “ * 42.2) 97.7) 119 6 
500y “ “ + yeast (42.4) 112.0) 173 6 


| eluate = 10 gm. yeast 
| 500 y vitamin B, + yeast 42.1 109.3 129 
filtrate = 10 gm. yeast 


for) 





* The depletion diet used for the lst week in Experiment II contained 
no chick antidermatosis factor supplement. 


unknown factor is adsorbed on fullers’ earth, the eluate showing 
some activity and the filtrate being entirely inactive. 


Research Laboratory E. L. R. Sroxstap 
Golden State Company, Ltd. P. D. V. MANNING 
San Francisco R. E. Rocers 
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THE SPECIFICITY OF PROTEOLYTIC ENZYMES FROM 
TUMORS 


Sirs: 


It has been shown that the specificity of proteinases may be 
characterized by their action upon synthetic substrates of known 
structure and configuration.' This approach has now been applied 
to a study of the proteolytic enzymes in extracts of mouse sarcoma 
No. M-180, Bashford mouse carcinoma, Brown-Pearce rabbit 
carcinoma, a carcinoma of the human breast, and a sarcoma of 
human bone.* 


manos canes per cent anaeteds 








| 


| Bashford Breast | Bares | Bone 





Substrate = carel- e. -. Mom» 
seas | es | ee 
rotein N | per cc. per ce. 
_ — —EE " SS Eee ee SSS eee = 
Benzoyl-l-arginineamide......| 58 es | 50 | sit | 65t 
LLeucylglycylglycine.......... 87 2 | M4 3* ~—s 6It 
l-Leucineamide.............. 20 0 |; Ww 25 71 
d-Leucineamide....... a =. 5 te 1 
Carbobensoxy-I-glutamyl- l- 
SS. dns veedaced sans | 44 | 34 40+ 52* 67T 
Carbobenzoxy-d-glutamy]-l- 
tyrosine.............. 0.00. 8 | % | 0 0 | 








Cysteine was used as activator i in all experiments. The values represent 
per cent hydrolysis in 24 hours (except when otherwise noted) at 40°, and 
have been corrected for the enzyme blanks. The pH of the experiments 
was 4.6 to 5.2. 

* 6 hours. 

t 4 hours. 





1 Fruton, J. s., in Cold Spring Harbor symposia on quantitative tiie, 
Cold Spring Masher, 6, 50 (1938). Fruton, J. 8., and Bergmann, M., 
J. Biol. Chem., 130, 19 (1939). 

* We are greatly indebted to Dr. A. Claude of the Rockefeller Institute 
for the mouse and rabbit tumors, and to Dr. C. P. Rhoads of the Memorial 
Hospital, New York, for the human material. 


465 











466 Letters to the Editors 


It will be noted from the accompanying table that the carcinoma 
and bone sarcoma extracts split l-leucineamide either not at all 
or rather slowly. The Bashford carcinoma extract hydrolyzed 
l- and d-leucineamide at similar rates. All the tumor extracts 
hydrolyzed carbobenzoxy-l-glutamyl-l-tyrosine. The breast and 
Bashford carcinomas acted also on carbobenzoxy-d-glutamyl-l- 
tyrosine which contains the unnatural d-glutamic acid.’ 

The enzyme solutions obtained from carcinomas are much less 
stable than are those of the other tissue extracts, and they also 
show a marked autodigestion at pH 4 to 5 in the presence of 
cysteine. 


Laboratories of The Rockefeller Institute Joseru 8. Fruron 
for Medical Research GeEorGE W. IRVING, Jr. 
New York Max BERGMANN 
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3 Kégl and collaborators (Z. physiol. Chem., 268, 57 (1939); 261, 154 
(1939)) have reported the isolation of d-amino acids from hydrolyzed tumors 
and have advanced a stereochemical theory of cancer based on these isola- 
tions. Their experiments are at present the subject of controversy in the 
literature. 
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COMPARISON OF THE ANTIHEMORRHAGIC ACTIVITY 
OF NATURAL AND SYNTHETIC VITAMIN K, WITH 
THE PROPOSED STANDARD 2-METHYL-1,4- 
NAPHTHOQUINONE 


Sirs: 


Owing to the various bioassay methods used, it is becoming 
more and more difficult to compare the vitamin K potency values 
of preparations from different laboratories: To overcome this 
we have tentatively adopted the suggestion made jointly from 
our laboratory and that of Doisy:* the use of 2-methyl-1 ,4- 
naphthoquinone as a standard of reference. Ansbacher and 
Fernholz* found it exceptionally potent and, since it is stable and 
easily handled, it can well serve the purpose. By defining the 
biological activity of 1 y of this quinone as 1 standard unit of 
vitamin K,, we find in a series of six experiments with some 260 
chicks, using the Thayer-Doisy method‘ (running the standard 
concurrently and using the master curve), that it is equivalent 
to 1.98 of our curative chick units. This makes our conversion 
factor 0.5. 

In accordance with this plan, we report for comparative pur- 
poses the potency of samples of both the natural and synthetic 
vitamin K, in our units and the proposed ones. The samples 
were supplied by Dr. Doisy and by Dr. Major of Merck and 
Company, Inc. 

It is apparent from the data that natural and synthetic vitamin 
K, have substantially the same values, and that the average 
potency (450) is very nearly 500 standard units per mg. This 


1 Snell, A. M., and Butt, H. R., J. Am. Med. Assn., 118, 2056 (1939). 

* Thayer, 8. A., Binkley, 8. B., MacCorquodale, D. W., Doisy, E. A., 
Emmett, A. D., Brown, R. A., and Bird, O. D., J. Am. Chem. Soc., 61, 
2563 (1939). 

* Ansbacher, S., and Fernholz, E., J. Am. Chem. Soc., 61, 1924 (1939). 

‘ Thayer, S. A., McKee, R. W., Binkley, 8. B., MacCorquodale, D. W., 
and Doisy, E. A., Proc. Soc. Exp. Biol. and Med., 40, 478 (1939). 
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Per Chick | based 
, Dose | No. of | cent | Aue’ | Shite | oma 
10 min. naphtho- 
quinone 
Y min, p— 
Natural Doisy, 30479 0.56 15 27 | 15.7 
0.77 | 15 47 | 14.0| 809 | 405 
1.11] 14 79 7.6 
** 31089 0.5 14 7 | 22.7 
1.0 14 50 | 11.9 | 1020} 510 
1.5 15 80 7.9 
Merck, 39RD1546 | 0.6 13 15 | 19.0 
1.2 15 40 | 15.3 690) 345 
1.8 15 60 10.1 
Synthetic Doisy, 30489 0.56 | 13 46 | 12.0 
0.77| 13 | 70 | 9.4| 1076 | 535 
«31079 0.5 15 13 | 17.2 
1.0 13 62 9.8 | 1160 | 580 
1.5 13 86 6.6 
Merck, 39RD1670 | 0.6 14 36 «=| 20.3 
1.2 15 53 11.5 | 1020 | 510 
1.8 13 85 9.2 
*  39RD1670 | 0.6 9 1l | 17.6 
1.2 10 70 8.3 | 945 | 473 
1.8 10 80 7.0 
st 39RD1821 | 1.2 15 47 7.4 
18 | 13 | 3 | 61| | 
* — 39RD1821 | 1.2 15 40 7.5 
1.8 15 80 6.2 | 
Average, natural vitamin K;............................ 840 | 420 
= eynthetic vitamin Ky.............5........008: 960 | 480 











gives a somewhat higher value for natural vitamin K, than the 
262 units reported recently by Almquist and Klose.* 


Research Laboratories A. D. Emmett 
Parke, Davis and Company R. A. Brown 
Detroit Outver Kamm 
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5 Almquist, H. J., and Klose, A. A., J. Biol. Chem., 130, 787 (1939). 
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SYNTHESIS OF VITAMIN K, 


Sirs: 


It seems desirable to describe in more detail the method for the 
synthesis of 2-methyl-3-phytyl-1 ,4-naphthoquinone (vitamin K,) 


which we have announced elsewhere.' To, 1 .. of 2-methyl- 4 
1,4-naphthoquinone were added 2 cc. o fbi deel ee deme, off ey 


of zinc dust, and 0.6 cc. of phytyl bromide prepared from phytol* 
by the action of phosphorus tribromide. The mixture was re- 
fluxed in the dark for 20 hours. The reaction product from the 
reduction and condensation was obtained in hexane solution, 
washed repeatedly with water, filtered, and fractionated in a 
molecular still of a type previously described* but much larger. 
Unchanged 2-methyl-1 ,4-naphthoquinone and phytyl bromide 
were removed in the first distillate fraction. The second or 
vitamin fraction was redistilled. It was then placed in methanol 
and crystallized out repeatedly by cooling with solid carbon 
dioxide* and centrifuging, the filtrate being discarded each time. 
The product we obtained was practically pure 2-methyl-3- 
phytyl-1 ,4-naphthoquinone. Analyses for carbon and hydrogen 
gave C 82.1, 82.5, H 10.7, 10.6; calculated for Cs;HO2, C 82.6, 
H 10.3. 

The potency of this preparation was approximately 56,000 ce. 
of our reference standard per gm. by chick assay.‘ A natural 
preparation of vitamin K;,' assayed concurrently gave a value of 
61,500. This value agrees closely with others we have pub- 
lished. An assay of a sample of synthetic vitamin K,* prepared 
by a different process has yielded a value of 57,000. The in- 


1 Almquist, H. J., and Klose, A. A., J. Am. Chem. Soc., 61, 2557 (1939). 

* We are greatly indebted to Professor Gordon Mackinney for highly 
purified chlorophyll from which we obtained phytol. 

* Almquist, H. J., J. Biol. Chem., 120, 635 (1937). 

* Almquist, H. J., and Klose, A. A., Biochem. J., 38, 1055 (1939). 

* Kindly provided by Professor E. A. Doisy. 

* Almquist, H. J., and Klose, A. A., J. Biol. Chem., 180, 787 (1939). 
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tensity of the color reaction’ of these synthetic specimens was the 
same as that of the vitamin from natural sources. It is probable 
that the synthetic product contains a small amount of cyclized 
vitamin K,. 

Our work has been greatly aided by a grant from Merck and 
Company, Inc. 


Division of Poultry Husbandry A. A. KLose 
College of Agriculture H. J. Atmquist 
University of California 
Berkeley 
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7 Almquist, H. J., and Klose, A. A., J. Am. Chem. Soc., 61, 1610 (1939). 














THE SPLITTING OF DIGITONIDES 


Sirs: 


The only practical method for the recovery of steroids and 
digitonin from digitonides is the one recommended by Schoen- 
heimer.'. While this method gives satisfactory results on small 
quantities of digitonides, it is rather inconvenient when applied 
to the splitting of larger amounts. The filtration of considerable 
volumes of an ether-pyridine mixture containing a suspension of 
digitonin as well as the recovery of the digitonin is time-consuming. 

These inconveniences can readily be overcome by the following 
simple modification of Schoenheimer’s method. 

The digitonide is dissolved in from 10 to 20 times its weight of 
dry pyridine and the solution is kept at 70-100° for about 1 
four. The pyridine is then removed as completely as possible 
by distillation in vacuo. The residue is treated twice with an- 
hydrous ether, after which it is ground to a fine powder and ex- 
tracted with anhydrous ether in a Soxhlet apparatus for 1 hour. 
The ether extracts are combined, filtered, and evaporated to dry- 
ness. The residue is then dried to constant weight. It represents 
the steroid which is obtained in yields of over 90 per cent. 

The digitonin which remains after the ether extraction is also 
obtained in excellent yield. It is treated with sufficient hot 
90 per cent alcohol to make a 1 per cent solution and the solution 
is filtered after 24 hours standing. The undissolved digitonide 
is then subjected to a second treatment with pyridine. Further 
quantities of steroid are thereby obtained which bring the total 
yield of recovered steroid to 95 to 98 per cent. 

Example—4.5757 gm. of cholesterol digitonide gave 1.0716 gm. 
of cholesterol or 93.6 per cent of the theory after the first treat- 
ment with pyridine. 3.4820 gm. of the recovered digitonin 
contained 0.2620 gm. of material insoluble in cold 90 per cent 
alcohol. After treatment with pyridine it gave 0.0502 gm. of 


' Schoenheimer, R., and Dam, H., Z. physiol. Chem., 216, 59 (1933). 
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